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SPINAL INTEGRATION

The Spinal Animal

IT IS A COMMONPLACE OBSERVATION in biologv that the

caudal animal segments are capable of a certain

cles;ree of coordinated behavior following transection

of the neuraxis. The writhing hind segment of the

snake or worm, the decapitated fly going through the

movements of grooming its absent head, the headless

chicken flying some yards after the axe has fallen,

are within general experience. We can therefore

proceed directly froin the assumption that some part

of motor behavior is provided by the spinal mecha-

nism alone to examine its components and organiza-

tion. At the outset, however, we are immediately

impressed by the lessened range of such spinal

behavioral activity in vertebrates as compared with

invertebrates, and in monkey and man compared
with the vertebrates possessing less complex nervous

systems. The phylogenetic change that is iinplied in

the term 'progressive encephalization of function'

may be more apparent than real, for earlier estiinates

of the optimum reflex recovery in spinal man have

had to be revised in the last 15 years in the light of

improved methods of care of the human patient with

transected spinal cord (59, 67).

The idea of 'sympathies' between different parts

of the bod\' had long preceded the processes of 're-

flection' put forward by Descartes in 1662 to cate-

gorize such inxoluntary efTects as a blink of the eyes

in response to a threat. Opinions regarding the por-

tion of the nervous system responsible for 'reflection'

slowly changed froin the pineal gland to the limb

plexuses, later to the central nervous system in a

general pattern. Sherrington (88) pointed out that

the fundamental experiment was that of Stephen

Hales in 1 733 who demonstrated that the responses

of the spinal frog are irrevocably lost following de-

struction of the spinal cord. In 1750 VV'hytt widened

the conception of reflex action and noted the period

of suppression of reflexes immediately following de-

capitation. Grainger in 1837 showed that the gray

matter of the spinal cord was essential to reflex func-

tion. As Sherrington reinarked, the importance of

the next step, the Bell-Magendie experiment that

defined the sensory and motor nerve roots, can

hardly be overestimated.
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Thi'ough ihc nineteenth century the unravelling

of the pattern of reflex response advanced rapidly.

In 1823 Mayo showed that the pupillary reflex to

light depended on the integrity of one small segment

of l)rain stem. Legallois in 1826 discovered that

injury to one small portion of the medulla paralyzed

respiration. Prochaska and Marshall Hall refined the

idea of 'reflex function' and greatly stimulated in-

terest in the subject (35, 47). The considerable con-

tributions of biologists and general physiologists,

such as Bethe and I^oeb, in the following 80 years,

should also be mentioned. It was the painstaking

observations of Goltz (39) and his associate Freusberg

on the chronic spinal dog that established the general

pattern of mammalian spinal behavior that was

later to be subjected to detailed analysis by Sherring-

ton.

If segments of lumbosacral spinal cord survive,

the skeletal musculature, after an initial period of

inert flaccidity ol variable duration, begins to show

reflex responses. In the dog this period of severe

'spinal shock' may last several hours. In monkey and

man it lasts from one day to three weeks. The first

reflex to recover is usually some contraction of the

adductors of the thigh, or dorsiflexors of the ankle

in response to a pinch of the foot. In some animals

the knee jerk is the first response to be obtained. In

man a small flexion movement of the toes in response

to stimulation of any part of the sacral segments

may be the first to appear (28). Day by day the flex-

ion of hip, knee and ankle becomes more regularly

elicitable and requires less intense stimulation. At

the same time the area from which this, the flexion

reflex, can be elicited spreads from its 'focus' in the

outer border of the foot to include the whole plantar

surface, then the dorsum of the foot, the anterior

aspect and then the whole leg. Finally it may be

obtainable from any part below the level of transec-

tion, including the abdominal wall if the segmental

level is high enough. As the nociceptive flexion

reflex thus recovers, the automatic response of the

bladder and rectum, at first exhibiting only the weak

rhythmical contractions in response to distention re-

sembling those of the animal with exsected spinal

cord, abruptly begins to discharge the contents of

these organs more forcefully and completely. At this

point more effective bladder and rectal contractions

can be initiated by stimulation of the perineum and

later of the limbs. This more coordinated reaction is

reflex urination and defecation.

In the acute decapitate-cat preparation commonly

used in classroom experiments, natural stimulation

produces little if any response; the tendon reflex is

present and stimulation of nerve trunks and roots

can elicit flexion reflexes. In the chronic spinal state,

as the flexion reflex gains in recovery, its elicitation

in one limb is associated with extension of the op-

posite limb (crossed extension). In the first weeks the

hind limbs of the dog are found in a posture of tremu-

lous flexion, apparently the result of multiple minor

reflex flexions, though at times a feeble stretch

reflex ("the pluck reflex') is observable. The knee

jerk is brisk and of large amplitude. Under favorable

circumstances, particularly when ulceration of the

skin and infection of the bladder have been avoided,

and with greater frequency in the spinal dog than in

other animals, the limbs may then begin to extend

at intervals, the knee jerk becomes clonic, and pas-

sive flexion of the limb meets a resistance that

increases, then melts as the limb is passively flexed.

This is due to recovery of the stretch reflexes of the

extensor muscles. Passive flexion of one limb then

commonly initiates extension of the other (Phillip-

son's reflex), followed by an alternating stepping

movement. The flexion phase of the step is the

proprioceptive flexion reflex. A moving coarse con-

tact from the ball of the foot onto the toes while the

limb is flexed may then initiate a sudden powerful

extension of both limbs (the exten.sor thrust) which

in full recovery becomes the first phase of a gallop

rhythm.

When such a state of reflex recovery in the iso-

lated segments of spinal cord is reached, a number of

other reflexes make their appearance, for example

the coitus reflex from appropriate stimulation of the

perineum, the shake reflex from stimulating broad

areas of the skin of the back and thorax, and the

scratch reflex from nociceptive, particularly moving,

stimuli in any part of a saddle area that covers the

shoulders and neck. The focus of the scratch reflex

lies behind the ear. The whole field covers the back

of the head and neck and a saddle-shaped area over

the shoulders. Only the caudal part of this area is

demonstrable by spinal transection. The focus behind

the pinna can be shown in the decerebrate animal

(90). Goltz and Freusberg observed shivering in the

muscles supplied by isolated thoracic seginents of

spinal cord in response to cold applied to the corre-

sponding skin segment, although shivering of the

limbs is not obtainable in the chronic spinal prepara-

tion (91). For further details of these responses the

reader is referred to the original works of Goltz (39)

and the writings of Sherrington (87, 92).



THE GENERAL PRINCIPLES OF MOTOR INTEGRATION 783

Spinal Shock

The nature of spinal shock, the depression that

precedes recovery of spinal reflexes in the chronic

spinal state, is still obscure. It does not affect reflex

mechanisms rostral to the transection. Stimulation of

a large pathway such as the pyramidal tract still

provokes motor discharge. With facilitation by

strychnine the fle.xor and tendon reflexes can still be

obtained in the period of spinal shock. The motor

neurons preserve a natural histologic appearance.

The process of recovery of reflexes is a progressive

lowering of threshold, and spinal shock may there-

fore be regarded as a raised threshold of spinal

reflexes of unknown cause. It is observed at all levels

of transection caudal to the midpontine le\el, above

which a transection of the brain stem is followed

immediately by the selective heightening of reflexes

called decerebrate rigidity. The assimiption is there-

fore made that some mechanism in the tegmentum

of the upper pons and brain stem can counteract

spinal shock. The shrinkage of motor neuron pools

for measured fractions of the flexion reflex during

spinal shock suggests withdrawal of a 'subsidy' of

spinal excitatorv process (16). A lesser depression

of reflex function follows isolated section of cortico-

spinal innervation, suggesting that the chief element

in spinal shock is the sudden loss of any large facili-

tatory pathway (62). There is no evidence that any

of the events of spinal shock or reco\ery from it are

pharmacologic reactions comparable to the hyper-

sensitivity of cholinergic end organs following loss

of their innervation. The induction of parathyroid

tetany in the chronic spinal animal (103) after spinal

shock is associated with the development of clonic

tetanic spasms in the parts headward of the transec-

tion a little earlier than tho.se related to isolated

segments, but the general excitability is little if at all

lowered in the isolated segments.

It has recently been demonstrated (ig, 34, 64)

that, at the motor nerve ending in muscle, very small

quanta of excitatory transmitter substance are con-

tinually bombarding the muscle membrane, regard-

less of the passage of nerve impulses. If such a phe-

nomenon can be shown at central synapses, it would

at once explain how the loss of a transmitting path-

way of potent effect could result in depression of all

other excitation of the motor or internuncial neuron.

Deterioration of Spinal Reflexes

Recovery of extensor reflexes in spinal inan pro-

ceeds to an optimum condition that is attained only

with the most effective nursing care. It is commonly
observed that any intercurrent infection, particularly

that associated with trophic skin ulceration, results

in an enhancement of flexion reflexes with a loss of

extension reflexes, including diminution and ulti-

mate loss of knee jerks. The lower limbs then become
drawn up in continued flexion (paraplegia-in-

flexion). The flexion reflex can then be set off by

any stimulus, often in the form of 'spontaneous'

flexor spasms by the pressure of gravity on dependent

parts. With a strong stimulus it becomes associated

with urination and profuse sweating over the areas

of skin innervated by the sympathetic outflow from

the isolated segments of cord if these include L2 or

higher segments. If the midthoracic segments of

spinal cord are included, a rise in arterial pressure,

often extreme, is associated, owing to vasoconstriction

in the splanchnic area. This widespread reflex effect

from a single stimulus was termed the 'mass reflex' by

Head & Riddoch (48). In contrast to the state of

optimum recovery of spinal reflexes, where the re-

sponse is adapted to the locus and nature of the

stimulus, the mass reflex can be viewed as a loss of

'local sign.' It could be related to a breakdown of

canalization in the spinal nerve-net of such kind that

pharmacological alteration of selective transmission

could account for the change. The observation of a

comparable phenomenon in untreated combined

system disease of the spinal cord in man, where de-

generation of the dorsal column extends from the

thoracic to the lumbar and sacral segments and leads

to loss of spasticity and tendon reflexes with parallel

increase in flexion reflexes and ultimately para-

plegia-in-flexion, points to another mechanism. In

this case the progressive loss of the collateral branches

of dorsal column fibers responsible for extensor re-

flexes leads to reflex disequilibrium and flexor pre-

ponderance. It is likely that the emergence of the

mass reflex is always a siinilar disequilibrium. Con-

versely, ischemic damage to the lumbosacral inter-

mediate grey matter can, by selectively damaging

multisynaptic transmission, result in great exaggera-

tion of extensor postural reflexes at the expense of

nociceptive flexion, for this is our interpretation of

the phenomenon of Haggqvist (46) and van

Harreveld & Marmont (loi).

Reflex Pattern

Following his early studies in the spinal dog,

Sherrington successfully undertook a long series of

researches directed to the unra\elling of the pattern
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of inleraction of spinal refiexes (87, 89, 92) and ulti-

mately to the nature of reflex transmission. It was

shown that for each type of reflex response a particu-

lar or 'adequate' type of stimulus was necessary, and

that in circumstances of concurrent multiple stimuli,

the nociceptive stimulus was 'prepotent/ Reflexes

exhibited the phenomena of facilitation and spatial

summation. At some point in the reflex network the

effects of different afferents converged on the same

motor neuron—the final common path. The discon-

tinuity of afferent, interrelated neurons and motor

cells demonstrated by Kolliker, Ramon y Cajal,

Golgi and van Gehuchten, with the postulate of

'dynamic polarization' of these histologists was in-

corporated into the 'synapse' for which Ramon y

Cajal demonstrated the 'end feet' on the surface of

the nerve cell and its dendrites. Sherrington also

proved that spinal inhibition is an active process and

demonstrated its reciprocal relation to excitation of

the motor neurons of antagonists. Like excitation,

inhibition is capable of temporal and spatial summa-

tion. Where neurons already discharging in response

to activation by one path were blocked from any

exciting effect by the prevdous activation of another

path converging on them, the effect was shown to be

passive (occlusion) and altogether different from in-

hibition (16). Of the neurons available to either of

such converging afferent pathways, few were excited

by weak stimulation of each path; yet the others were

still excited subliminally and could be discharged by

weak stimulation of both paths together. For each

reflex response there was therefore a wide 'subliminal

fringe' (29) of affected but unresponsive neurons.

From such principles there emerged a concept of a

network of anatomically predetermined connections,

the effectiveness of each depending on the number of

end feet supplied to each pathway. The muscles,

being collections of motor units, are related to

columns of motor cells in the spinal gray matter,

their functional significance residing in the fi.xed

synaptic relationship supplied to the motor neurons

in the course of development. Earlier attempts to

prove a plasticity of central connection were dis-

proved by the experiments of Cunningham (18) and

others and lately of Sperry (94) who showed that

transplantation of nerves or muscles so as to perform

antagonistic function in the postnatal mammal could

not determine change of refle.x effect.

Postural Reflexes

Following the complete flaccidity of spinal shock

the posture of the limbs is at first an intermittent

flexion. As the flexion reflex becomes more active

its after-discharge is at first more prolonged. A pluck

of a flexor tendon (e.g. that of the tibialis anterior)

may elicit a flexor jerk at this time. The emergence

of the reflexes of extension is associated with curtail-

ment of flexor after-discharge and intermittent ex-

tension of the limbs. For a time alternating stepping

then appears. In full reflex recovery the hind limbs

of the spinal dog are sufficiently extended to support

the hind quarters, although they have to be propped

passively in this position (39, 87). The posture is

liable to sudden lapses owing to intermittent brief

flexions or to the onset of stepping. Lateral stability

is impaired by overactive adduction. These spinal

antigravity postural responses are due to the presence

of the spinal stretch reflex (27) which can be sus-

tained for long periods and is associated with very

brisk tendon reflexes, ankle and patellar clonus.

Under certain circumstances the stretch reflex may
be demonstrated in fle.xor muscles, but this response

is very inactive in the spinal state.

The stretch reflexes in both spinal and decerebrate

preparations are affected to some extent by cutaneous

stimulation, although they are in no way dependent

upon it. Thus if the animal is caused to sit up on the

rump, both lower limbs tend to extend stiffiy, more

so if the spine is tilted backwards. If the animal is

tilted forwards so as to flex the hip joints, the knee

and ankle tend to flex. There is little change if the

hind quarters are laid on one side, although the

lower limb may then tend to flex briefly. Pressure on

the pads of the feet increases the extensor resistance

and, if the limbs are previously flexed, to elicit an

extensor thrust. These effects from cutaneous pres-

sure are evidently spinal fragments of what in the

thalamic animal are identified as body-on-body

righting reflexes (68, 77) and contactual 'positive

supporting reaction' (69). They are particularly well

developed in the .skin of the feet and lateral thighs

as the reflex of 'ipsilateral extension' analyzed by

Hagbarth (45). A decapitated insect can right itself

by contact reactions (10) and the spinal segments of

an eel can right themselves; but the mammalian
spinal refle.xes preserve a more local character. The
relationship of the spinal extensor thrust to the

gallop mode of progression, and to the powerful

leap reflex of the thalamic animal (68), is the same as

that of the stretch reflex to spinal stepping and of

both to the more fully developed progression at

higher levels of transection of the neuraxis. The
spinal mechanism thus provides all the elements of

postural responses. It is their integration with the

whole of the organisin that is lacking.
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Stretch Reflex

Part of the fundamental proof of the stretch reflex

(63) was the demonstration that the afferent roots

pertaining to each muscle were not only necessary

for a stretch reflex within that muscle but for the

background of postural reactions in general. It is

possible, as Ranson & Hinsey (80) showed, to induce

some extension of the deafTerented forelimbs of the

cat by putting the decerebrated animal in the posture

for maximal tonic labyrinthine and neck reflex but

onh after the device of section of the cord below the

cervical enlargement. Deaflferentation raises the

threshold for all other reflexes, phasic as well as

postural, and abolishes after-discharge.

The receptor function of the muscle spindle will be

discussed in a later section. Here we may note only

the regulation of the spindle response by the in-

tensity of small-fiber motor innervation (56, 58) and

the uniquely monosynaptic nature of the stretch re-

flex response (65). The receptor has most excitatory

efTect in the deep short-fibered postural segments of

the same muscle that is stretched. Thus stretch of the

gastrocnemius excites chiefly soleus motor neurons; of

the vastus, the crureus. Stretch of the quadriceps

excites the soleus to some smaller extent but not vice

versa (20, 32). The patterns of stretch effects from

adductors and abductors, manifestly important in

postural stability, have not yet been worked out.

The adjuvant effect of the small-fibered motor

innervation allows delicate facilitation of this system

to energize powerful stretch reflexes, and it is possible

that most motor and certainly postural function is

self-energized. Little is yet known of the reflex sources

by which the small-fibered motor system is thus

facilitated, although cutaneous tactile stimulation of

the foot can thus proxoke gamma-fiber facilitation

(56), and the pontine brain-stem mechanism can

influence it powerfully (33, 43).

Two local factors tend to limit the self-energizing

effect of the stretch reflex, the slackening of the

muscle spindles when the muscle contracts and the

high threshold inhibitory effect (autogenetic inhibi-

tion) of tension on the tendon organs {42). Each

natural stretch reflex response is therefore an equi-

librium in which a balance of proprioceptive excita-

tion counters autogenetic inhibition. This equilibrium

gives plasticity to the response (20) so that an in-

crease in length of the inuscle is followed first by

an increase in its contraction, then some lessening

of contraction immediately the new length is reached

(lengthening reaction). Conversely, any sudden

shortening of the muscle is associated with a cessa-

tion of discharge in many units followed bv recovery

of some (shortening reaction).

Coordination of Spinal Reflexes

Even the most simple spinal reflex shows a com-
plexity of organization directed to purposive in-

tegration of the various discharging motor units.

Nociceptive stimulation of the outer border of the

foot induces flexion with some adduction, while

stimulation of the inner border yields flexion with

some abduction. The corresponding fractionation of

the groups of neurons representing each of the corre-

sponding flexor and adductor muscles has been
estimated quantitatively (16). The adaptation of

response to locus of stimulus is attributed to the

inborn pattern of synaptic arrangement of the cen-

tral terminals of the afferents from each locus. In

more elaborate pattern the spinal scratch reflex in-

volves appropriate flexion of the hind limb with ad-

duction, or adduction together with curvature of the

spine sufficient to bring the scratching paw within a

few millimeters of any stimulated spot in the wide

.sensory field. In addition this reflex secures a tonic,

continued postural contraction in some muscles as

well as a rhythmic flexion-extension of those that

determine the scratching movement. Likewise re-

flex urination and defecation when fully developed

are associated with appropriate posturing of the hind

limbs and tail and even the terminal scratch of both

feet. It is therefore certain that the spinal motor
mechanism not only presents a predetermined re-

ciprocal relationship of antagonists but also all the

requisite combination of prime movers, synergists

and fixation muscles appropriate for the performance

of spinal reflex behavior. If stimuli with conflicting

eff'ects are deli\ered concurrently, the spinal mecha-
nism either resohes the response in favor of one at the

expense of the other or exhibits a rhythmic alterna-

tion of response.

Sherrington's studies of the scratch reflex (89, 93)
included the demonstration by degeneration experi-

ments that the reflex pathway from the cer\ical and
thoracic roots to the lumbosacral seginents traversed

the lateral tracts lying close to the gray matter in the

spinal cord (propriospinal tracts). For the integrated

spinal response of alternate stepping of the limbs the

presence of the grey matter of segments lying imme-
diately rostral to the cell columns of the chief flexors

and extensors in the lumbar and cervical enlarge-

ment appears necessary. In these regions the studies

of Ramon y C^ajal (79) indicated that the interneurons

that go\ern such coordinated spinal responses are in
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the intermediate nucleus in the most medial part of

the base of the anterior horn, their axons being

directed to the chief flexor and extensor cell columns,

both ipsilateral and contralateral via the anterior

commissure, and to the propriospinal tracts. Certain

'funicular' cells along the outer margin of the anterior

horn probably serve a similar function (17, 79, 95)

and show marked chromatolysis following section of

dorsal roots (102). In the high cervical region these

poorly defined groups of cells appear to be devoted to

the coordination of neck reflexes and a lateral group

in the dorsal horn (n. cervicalis lateralis) projects to

the lateral part of the tegmentum of the midbrain

and to the cortex (72). It is possible that the severe

depression of ipsilateral reflexes in the cat and monkey

after high cervical hemisection results from asym-

metry of this coordination. In the medulla the corre-

sponding anatomical structure is the reticular forma-

tion the integrity of which allows even more general

integration of reflex behavior. Indeed, as a result of

his studies of the development of reflex beha\ior in

the amphibian embryo, C'oghill (15) concluded that

an integrated progression movement mediated by the

brain-stem reticulum was the primary response of the

developing nervous system. The spinal reflexes in

his view were fractions of this coordinated behavioral

unit and were more slowlv evolved.

SUPRASEGMENT.^L INTEGR.'^TION

Tonic Neck and Lahynntlune Re/lexa and

Decerebrate Rigidity

If transection of the neuraxis is made above the

second cervical nerve roots, flexion, extension and

rotation of the neck and occipitoatlantal joints lead

to modifications of the posture of the limbs. Such

changes are minimal in degree with sections behind

the midpontine level. With a background of de-

cerebrate rigidity following transection above the

pons, the tonic neck reflexes become regularly demon-

strable (68, 77) as well as postural adjustments re-

lated to position of the labyrinths (tonic labyrinthine

reflexes). The facilitory effect that underlies decere-

brate rigidity must in part be related to innervation

of spinal segments reaching the spinal cord by the

vestibulospinal tracts, for section of these lessens its

intensity (60). The greater part of the facilitation of

all spinal reflexes that is associated with decerebrate

rigidity appears, however, to be related to the ac-

tivity of the pontine reticular formation. The general

area concerned is the excitatory reticular formation

of Magoun and his associates (83, 86) with an efferent

pathway in the reticulospinal tracts.

Decerebrate rigidity is lessened on the side of an

eighth nerve section and intensified on the opposite

side. It is little affected by bilateral section of the

eighth nerves. It is increased in one limlj b\ deafferen-

tation of the opposite limb, increased in both fore-

limbs by postbrachial section of the spinal cord

(Schiff-Sherrington phenomenon) (84) and in the

hind limbs by deafferenting the forelinibs (13).

These findings indicate an equilii^rium of effects,

the proprioceptors of each limb facilitating its own
stretch reflex and tending to inhibit those of other

parts, each labyrinth tending to facilitate ipsilateral

extensors and restrain contralateral. In addition each

fastigial nucleus of the cerebellum, through the

hook bundle of Russell to the reticular system, was

found by Moruzzi & Pompeiano (73) to influence

profoundly the distribution of rigidity. A lesion of the

caudal pole of one fastigial nucleus can abolish rigidity

on the opposite side and enhance that on the same

side, yet destruction of both fastigial nuclei leaves the

rigidity unaffected. The effect of a unilateral fastigial

lesion is ba.sed on inhibitory effects arising from the

proprioceptors of the ipsilateral muscles. Decerebrate

rigidity from intercollicular section is therefore a

disequilibrium of a complex postural integration of

proprioceptive facilitory and suppressor effects,

arising in the muscles of the limbs and reflected back

as a predominant extensor posture in which the tonic

neck and labyrinthine reflexes determine the major

pattern. The most fundamental single element in

this complex appears to us to be the enhancement

and integration of the proprioceptive positive sup-

porting reaction by the pontine reticular formation.

This is associated with increased discharge of the

small-fibered gamma motor system (33, 43). The

contactual type of positixe supporting reaction that

is grouped with the proprioceptive together as the

'Stiitzreaktion' by Rademaker (78) is notably absent.

In decerebrate rigidity there is also an exaltation of

some flexion reflexes (20, 44) and of sympathetic and

parasympathetic (bladder) responses indicating that

an incongruous mixture of related and unrelated

reflex effects is released. We would doubt the exist-

ence of a pontine center (97) for urination, for ex-

ample. There is no good evidence that the pontine

reticulum is organized as a center in terms of a series

of specific categorical functions, although in ascend-

ing levels the first stage of simple grouping and

facilitation of excitatory (and to a less degree for
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inhibitory) effects for total bodily responses of both

somatic and autonomic kinds can be recognized.

Righting Reflexes and the Midbrain Animal

Although the decerebrate animal exhibits the

tonic neck and labyrinthine reflexes and may be

able to stand for a time if appropriately propped

upright on its limbs, the attitude is a caricature of

that of the normal animal. There is no response to

correct some inequality of posture, and once thrown

off balance the animal topples over in a passive man-

ner with complete absence of righting. The reactions

are greatly different if the level of section is ce-

phalad to the midcollicular level where sequential

reactions begin to make their appearance. The

difference is most apparent in the thalamic or de-

corticate preparation (6, 68). Whereas the decere-

brate and spinal mammalian animals exhibit static

reactions, the thalamic one shows integrated kinetic

behavior. It can right itself, raise itself to standing

position, adjust its posture to surface and gravity,

and exhibit progression. Magnus & de Kleyn (68)

first analyzed the body-on-body, neck-on-neck,

neck-on-head and labyrinthine components of the

righting reflexes. Their anatomical mechanism is

still in some dispute. The simple structure of the red

nucleus in the higher mammals, and the correspond-

ingly small size of the rubrospinal tract, make it

unlikely that this structure alone is responsible for

the remarkable variety of activity that Rademaker

(77) claimed depended on its integrity. Lorente de

No (66) found that section of the most cephalic part

of the raphe of the pontine reticulum could release

decerebrate rigidity. Carpenter (14) has accurately

destroyed the red nucleus bilaterally in the monkey

with no result other than hypokinesia. The scattered

reticular system of the midbrain and its complexity

of interlacing fibers is less easily identified by physio-

logical experiment and is more likely to serve the

critical adaptation of function whose removal results

in decerebrate rigidity. The complex fiber system

that enters the capsule of the red nucleus and the

interlacing network of the field of Forel that lies

immediately cephalad constitute a main traffic inter-

section in the extrapyramidal motor system of the

higher mammals.

The dorsal part of the midbrain tegmentum where

the dorsal mesencephalic nucleus lies medial to the

oculomotor nuclei is the most cephalic part of the

system for coordination of the eyes with head posture

(51, 77). The main portion of this complex extends

down as far as the upper pontine reticular areas and

there relates head and eye movement to the rest of

the body. It interrelates the vestibular, mesence-

phalic fifth and various oculomotor nuclei. Damage
to any part of it, but particularly at the pontine level,

results in tonic deviation of the head and eyes to the

same side. It appears to be responsible for body-on-

head righting reflexes and compensatory movements

of the eyes with movement of the head. The more

intense rigidity, without release of the smail-fibered

gamma motor system, produced by the anemic

method of decerebration (33, 43), with persisting

effects of cerebellar stimulation still present, indicates

that, with slightly more cephalic parts of the ventral

mesencephalic reticular nuclei intact, an additional

adjuvant factor acting directly on extensor motor

neurons is added to the intercollicular type of rigidity.

With transection just above the superior coUiculus

this more intense but more variable type of rigidity

is often seen. It tends either to alternate with running

or clawing movements of the forelimbs, or intense

flexion of the forelimbs (54, 55, 76). The superior

collicular level is evidently critical in the sense that

small anatomical differences in section result in

profound changes in posture (55). The conclusions

of Magnus (68) and Rademaker (77) that the right-

ing reflexes are present in the midbrain animal and

absent after intercollicular section are misleading.

Elements of the kinetic righting reactions begin to

appear in the ventral mesencephalic tegmentum but

chiefly in terms of very tonic and disequilibrated

body-on-body and head-on-body responses. This

indicates that modulation of proprioceptive responses

by the effects of cutaneous and subcutaneous pressure

must begin to become effective at this level. The

descending pathway must be independent of that of

decerebrate rigidity, for .section of the vestibulospinal

tract releases contact supporting reactions when

these can still he abolished h\ intercollicular section

(61).

It is characteristic of the reactions of the midbrain

animal that they represent in high degree the tend-

ency to swing violently to the opposite response, a

feature that is seen in spinal reflexes as 'successive

induction" (8g) and 'rebound' (92), and interested

Sherrington as one of the factors that determined the

turning point in spinal stepping. Rebound is pe-

culiar to types of reflex (e.g. ipsilateral extension)

where a conflict of central effects is combined with a

type of response that tends to lessen the natural

stimulus (negati\'e feed back). This in the spinal

animal leads to galloping movements following an
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extensor thrust and to rhythm in the scratch reflex.

In the thalamic animal it leads to clavvina;, jumping

and running mo\ements, and in righting enables

the under limb, by alternate flexion and extension

with increasing abduction, to push the body from the

lateral to the upright position. It is this tendency to

alternation that gives the thalamic preparation its

kinetic, dynamic behavioral aspect, compared with

the static fixity of response of the decerebrate animal.

Only with an intact subthalamic region does more

regular and progressive righting of the body appear

and then only after an interval of time after section.

Thus the "midbrain animal' is an inconstant anomaly

exhibiting transitional states. In man, however,

classical decerebrate rigidity is rarely compatible with

survival, and as a result of disorder at midbrain

level a static posture of rigidity in flexion of the upper

limbs with extension of the lower limbs ("decorticate

rigidity') is frequent.

The elements of postural adaptation are all present

as spinal reflexes. Their development of energy ade-

quate to overcome gravity actively and of sequences

capable of effectise performance requires the pres-

ence of the pontine and midbrain reticulum and

cerebellum.

Cerebellar Fumtton

The early physiologists thought that the cerebellum

coordinated labyrinthine with other postural re-

flexes, for the symptoms of cerebellar disease .so

closely resemble those of vestibular disorder. The
demonstration that the labyrinthine and neck-right-

ing reflexes remained intact after decerebellation

appeared to deny this hypothesis. Yet the ingenious

analysis of Rademaker (78) demonstrated that it is

the overactivity of some righting reactions, particu-

larly of those involving lateral displacement of the

limijs in space, and of the positive supporting reaction

which give cerebellar ataxia its most characteristic

features. The modulation of these kinetic responses

that make them appropriate in relation to correction

of total bodily posture is lacking. The means by

which the cerebellum performs such adjustments

still eludes us. It is probably significant that the

body-on-body righting reflex is abolished by de-

cerebellation, while the effect of posture of one limb

on that of the others (a true spinal reflex effect) is

greatly increased. In some way the cerebellum must

interrelate these two (together with \isual and

labyrinthine effects). The intense asynimetr\ in the

postural effects of one limb on the others produced by

unilateral lesions of the fastigial nuclei by Sprague &
Chambers (g6) and by Moruzzi & Pompeiano (73)

indicate an amplifying system for proprioceptive

righting reflexes, in both positive and negati\'e senses.

The response has its origin in the vermis and reaches

the pons via the inferior peduncle (74). The remain-

ing neocerebellum and its outflow via the superior

peduncle would appear to be the likely mechanism

for modulation of contactual types of positive sup-

porting reactions and body-on-body righting. If,

as we have seen, coordination by combination of

effects is in its essential elements a function of spinal

reflexes, the contribution of the cerebellum appears

to be in the general area of adjustments of posture

by environmental factors. Its effects are most obvious

on proximal limb muscles.

Hvpo/halarniis

In addition to its control of endocrine function

through the pituitary gland, its regulation of water

balance and temperature, the hypothalamus is iin-

portant in the integration of emotional effects,

both vegetative and motor. Graham Brown &
Sherrington (41 ) showed that stimulation of a sharply

localized point on the cut surface of the midbrain of

the decerebrate cat could regularly elicit the reflex

mimesis of anger, including side-to-side lashing of

the tail, protrusion of the claws, a pilomotor reaction

and a great rise of arterial pressure. The same re-

sponse can be elicited by certain acoustic stimuli in

the decerebrate cat (36). Graham Brown has elicited

a respiratory rhythm closely resembling laughing

from a nearby point in the midbrain of the chimpan-

zee (40). These points both are closely related to

that from which pupillary changes, vasomotor and

visceromotor phenomena can be obtained, and cor-

respond approximately with the descending hypo-

thalamic pathway of Magoun (70) which evidently

has relays in the brain-stem reticular formation (12).

The coordination of these different effects into a

characteristic ijehavioral displa\' must therefore be

related to patterns of connections in the reticular

formation of the brain stem and spinal cord. The

total reactions of anger and pleasure are uncommon

in the decerebrate cat, even when kept in the chronic

state (7). Bard (i, 3, 6) showed that the integrity of

the hypothalamus was the essential factor which

accounted for the facility of pseudaffective reactions

of decorticate animals. The reactions ('sham rage")

are unusually \iolent in proportion to the stimulus,
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an indication that the function is released, presum-

ably from cortical control.

The part played by the hypothalamus in the de-

termination of motor behavior is difficult to assess.

From various anatomical points in the posterior

hypothalamus poorly restricted effects on pupils,

heart, arterial pressure, gastric and intestinal motil-

ity, with various motor responses, can be obtained

by stimulation; this field has been reviewed by Ran-

son & Magoun (81), by Beattie (8) and others, and

by Hess (49, 50). It remains to be shown what par-

ticular elaboration of any one of these transmitted

effects is served ijy their hypothalamic connections.

The outstanding functional significance of the region

would appear to be the general integration of these

various effects into the patterns of sleep and wake-

fulness, apathy and attention, pleasure and fear. The
mofe appropriate regulation of emotion and visceral

activity in relation to the environment recjuires the

functional activity of specific areas of the cerebral

cortex. The extent to which these general hypo-

thalamic motor functions are also subject to endo-

crine control is not yet clear.

Thalamic {Decorlicate) Animal

Of the many reactions pos.sessed by the thalamic

or decorticate animal that are absent in the de-

cerebrate, we have already seen how the righting

reflexes have been attributed to the activity of the

midbrain, and emotional and visceral responses to

the hypothalamus. It is questionable whether the

thalamus per se adds further to motor behavior,

other than by its reciprocal relationship to the cortex.

The subthalamus, including the subthalamic nucleus

and the upward extensions of the red nucleus and

substantia nigra, and the important fiber tracts inter-

relating these with the basal ganglia and brain-stem

reticular formation, are important for the elabora-

tion of righting reflexes and of piogression (54, 55,

82). In higher mammals it is not yet certain which

of these structures makes possible the intensification

of kinetic activity that distinguishes the thalamic

animal from the decerebrate. All that can be con-

cluded on present information is that whereas the

posterior hypothalamus contributes behavioral drive,

the subthalamus endows more perfect integration of

motor response.

The thalamic and decorticate cat (6) and dog

(78) present a nearly natural distribution of posture.

It is notable that when the limbs are suspended in

space an extension posture appears which disappears

immediately the limb makes contact with the ground

(6). The tactile placing reactions are absent, and a

limb hanging over, the edge of a table remains ex-

tended. Yet by asymmetry of broad contact with

body surface the animal can right itself, and with

marked displacement a limb posture will be cor-

rected. The extended posture has elements of spastic-

ity and is contralateral to a unilateral decortication.

The decorticate monkey also shows spasticity which
is strongly influenced by asymmetrical body con-

tact, being an extension of the under limbs when
the animal is lying on one side. The uppermost arm
and foot are then more flexed, and traction upon
them elicits stronger flexion (the traction reaction).

When the animal is sitting, the arms are flexed, the

lower limbs extended, and the traction reaction is

present in both upper limbs. If he is leaned forward

in sitting posture, the arms extend; if leaned back,

they flex more; if supported on hands and feet, all

limbs show a positive supporting reaction. The kinetic

body-on-l)ody righting reflexes, as well as the labyrin-

thine righting reflexes, make gradual recovery from

decortication and are the basis for the somewhat
stiff and awkward automatic behavior of the chronic

'thalamic' animal. All the elements of these re-

sponses can be demonstrated in man following some
types of capsular hemiplegia (100) but are limited

tonic types of reaction without kinetic effectiveness.

The intense spasticity of many cases of capsular

hemiplegia in man presents motor effects that can-

not be directly compared with the motor status of

the thalamic or decorticate animal. The hand may
be tightly clasped in a fist, trapping the thumb under

the other fingers, or the wrist may be flexed but

strongly pronated with extended fingers. An inter-

mediate type presents extension of the wrist with

overextended metacarpophalangeal joints and
strongly flexed (clawed) interphalangeal joints. In

all these different postures the traction reaction is

intensely overactive, and in the last variety clonus of

the finger flexors is prominent. The two extremes of

postures of the hand can occur without spasticity

or increased tendon reflexes in the conditions of

dystonia and athetosis. When they appear in com-
bination with spasticity as a result of capsular lesions,

a more general rigidity of all muscles in the cor-

responding limbs is also present. It is therefore as-

sumed that such intense spastic states are a com-
bination of released spastic traction reaction of the

type produced by cortical lesions with a superimposed

facilitation of either avoiding or grasping extrapy-

ramidal mechanism of the type that is called dystonia.
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We shall discuss these effects separately Iselow (Ex-

trapyramidal Motor Responses). More complete

transverse lesion at or just above thalamic level in

man is seen in cases of severe cortical damage from

anoxia, cortical and subcortical degenerative dis-

eases such as destructive types of encephalitis or

diffuse sclerosis. In such conditions, or following uni-

lateral hemispherectomy, the motor status more

closely resembles that of the thalamic animal.

Control of Movement by Cortex {Rolandic Area)

In the whole of the above discussion the part

played by the pyramidal tract in movement has

been set aside. Its function is obviously related to

the cerebral cortex. Its increasing development in

the higher mammals and the corresponding greater

severity of symptoms resulting from lesions of it

point to increasing importance of a particular aspect

of motor function, particularly in relation to prehen-

sion in the primates. In subsequent chapters the pat-

terns of anatomical representation in the cerebral

cortex and their relation to behavior will be discussed

fully. Here we shall attempt to outline only the func-

tional capacity of cortical mechanisms for movement

in relation to the subcortical integration that has

been discussed above.

The most obvious immediate change resulting from

complete ablation of the precentral gyrus of one side

in the monkey is a flaccid paralysis of the lower part

of the face and of both liinbs on the opposite side.

From the beginning it is seen that the weakness of

lip muscles is only partial and is greater for some

movements than others. Within a few hours the ani-

mal begins to use proximal muscles of the lower limb.

Within 2 or 3 days the affected arm begins to be used

in climbing, particularly if the animal is frightened,

and the hand and foot may be hooked onto cage

wire in clumsy fashion (25). At this time the tendon

reflexes are becoming more ample and brisker than

those of the other side. After i to 2 weeks, when the

animal is laid on the operated side and the fingers

or toes of the uppermost side hooked over the ex-

aminer's finger and thus pulled upwards, a counter-

contraction of the flexors of the limb may be felt in

response. If, while so suspended, the animal is sud-

denly lowered in space, the fingers (or toes) will be

felt to contract as well as the other flexors of the limbs.

This is the reaction that is called by us the 'traction

response' (22, 30), and by Fulton and his associates

(11, 37) the 'grasp reflex.' We prefer to reserve the

term 'grasp reflex' for a type of reaction triggered by a

contactual stimulus (85).

A few days before the appearance of the 'traction

response,' passive stretch of a flexor muscle of the

upper limb or an extensor muscle of the lower limb

begins to encounter some resistance. At first this is in

the proximal muscles and is felt only towards the end

of a stretch. This is the beginning of spasticity and is

associated with increasing briskness of tendon re-

flexes in the same muscle (21). In the course of time

the phenomena of 'clasp-knife' melting of spasticity

during stretch and clonus of tendon reflexes may
appear, but these are a matter of degree of spasticity

and are more apparent with capsular lesions. It

will be noted that whereas spasticity is a response

limited to the muscle that is stretched, the traction

reaction is a response in all the flexors of the limb

(already tense) in response to increasing stretch of

any one of them. The traction response when well

developed can be elicited in all the flexor muscles

if all of the afferent roots to the limb but one are

sectioned. It is felt in the fingers and wrist when
only the shoulder fle.xors have afferent innervation,

or vice versa. It cannot be elicited from a deafferented

muscle. The traction reaction is affected more ob-

viously than the tendon reflexes by neck and labyrin-

thine posture.

In the lower limb the appearance of the traction

reaction is associated with the appearance of the

propriocepti\ e positive supporting reaction, a pillar-

like stiffening or tendency to stiffen of the extensors

of the limb when the ankle and toes are passively

dorsiflexed. In the lower limb this reaction soon

becomes even more evident than the traction reac-

tion, whereas in the upper limb its development is

delayed. The pattern of hemiplegic spasticity in the

flexors of the upper limb and the extensors of the

lower limb is related to the relative preponderance of

these two reactions.

Within 2 to 3 days of the appearance of the trac-

tion reaction, it is apparent that with sufficiently

strong motivation, for example food within reaching

distance while the other limbs are restrained or teas-

ing with some unpleasant object under the same

circumstances, the animal will make a plucking

movement of the limb to luring the object to his mouth.

When the reaction can be facilitated by turning the

neck, the animal soon learns to turn the neck in addi-

tion to plucking at the objects. The triple flexion re-

sponse remains the same, all joints having to l^e flexed

in order to flex one. The traction reaction is greatly

facilitated b\- laving the animal on the sound side and
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is greatly lessened or absent when the normal limbs

are uppermost. It is thus 'conditioned" by body con-

tact stimulation.

The "true grasp reflex,' comparable to that seen

frequently in man, is a more complex response (21,

85J than the traction reaction. The fingers are not

spastic in the sense of reaction to passive stretch with-

out additional contact (i.e. being pulled upon by

tapes) yet counteract a passive stretch on the flexor

tendons if this is immediately preceded by a distally

moving contact stimulus in a specific area of the palm

of the hand or foot (85). The true grasp reflex does

not appear for several weeks after removal of one

precentral gyrus in the monkey and then only in

response to a very firm moving contact. It is unaf-

fected by posture. Its presence is soon associated with

some measure of ability to flex the wrist or fingers

independently of the proximal joints without actual

contact with the hand, if motivation is intense. After

some months the hand may close in response to

simple coarse contact but does not make any orient-

ing response to the stimulus. In the course of time the

thumb may be approximated to the other fingers in

this way but never to the degree possible with intact

precentral gyrus. With the appearance of a true

grasp reflex, spasticity, especially in the flexors of

fingers and toes, lessens considerably. All this se-

quence of events has been observed and recorded in

human hemiplegia in our clinic by Twitchell (100).

.After bilateral removal of the precentral gyrus [or

indeed, of the whole pre- and postcentral area show-

ing antidromic spikes from stimulation of the pyra-

mid charted by Woolsey & Chang (105)], the same

sequence of events occurs, although a coarse true

grasp reflex may then be obtained within a week of

the bilateral operation (24, 26). The animal remains

very stiff in movement but can regain an astonishing

degree of control of purposive movement by vision.

The type of movement that is completely and

permanently abolished by ablation of the precentral

gyrus is that we have called the 'instinctive tactile

grasping reaction' (21, 24, 26, 85) which is an orien-

tation of the hand or foot in space such as to bring a

light contact stimulus into the palm (or sole) when

very facile grasping then ensues. The instinctive

grasp reaction is essentially an exploratory palpa-

tion directed vertically into space from the point

of contact. It is a stereotactic contactual response,

whereas the grasp reflex is a passive contactual

reflex which can become stereotactically directed

only by means of vision (26). The foci for the in-

stinctive grasp reaction are the tips of the fingers and

their lateral borders, the lips, and the lateral Ijorders

of the foot and ankle. Ablation of the hand area of

the precentral gyrus abolishes the instinctive grasp

reaction in the hand, results in some finger and wrist

flexor spasticity, but does not release the traction

reaction. Ablation of the oral edge of area 4 releases

the traction reaction and proximal spasticity but

lea\es the instinctive grasping intact (although limited

in spatial extent). Woolsey et al. (106) have shown in

the macaque the corresponding representation of

proxiinal muscles anteriorly and of distal extremities

next to the central sulcus. These differences, we be-

lieve, are the explanation of the old controversy re-

garding special function of 'area 6' or '4S' in relation

to spasticity and of area 4 to paresis (38, 52, 53),

for the criteria then used to judge spasticity identified

it only in proximal muscles and hence with anterior

lesions.

Following section of the pyramid in the monkey
we have noted the same severe loss of use of the oppo-

site limbs as was described by Tower (98) with long

delay in recovery of movement which is at first chiefly

limited to triple flexion. In our own monkeys some

slight spastic reaction returned in terms of a soft

reaction to passive stretch, with ample but slow ten-

don reflexes, and was quite obvious with a partial

pyramid lesion. There was slight sustained flexion

of the upper limb and extension of the lower; but the

traction reaction was not as well developed as after

an area 4 lesion, and the animal's ability to convert

it to his own ends correspondingly less. A grasp

reflex was absent for a long period, then obtained

only with heavy moving contact. The difference

between precentral and pyramid lesions is therefore

chiefly in terms of failure of release of the traction

and positive supporting reactions with pyramid

lesions, probably owing to integrity of the corticobul-

bar fibers. As a result of both types of lesion the

motor response to a purely visual stimulus, e.g. reach-

ing out for food or support, becomes a simple 'paw-

ing' flexion and extension of the limbs (an adaptation

of progression) and is very obvious in behavior when

these lesions are bilateral in the monkey (26).

In general terms the exploratory pattern of the

tactile placing reaction is comparable to the instinc-

tive grasp reaction, although it is possible to disso-

ciate the two at the cortical level by types of mid-

parietal lesions that interfere with the spatial data

that are more particularly required for placing

(24, 26). In regard to both these reactions the pre-

and postcentral cortex and the corresponding lateral

thalamic nuclei appear to be inseparable. The pat-
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tern of disturbance we have described results from

interference with any of these structures, ahhough re-

lease of segmental stretch reflexes in the relevant

muscles requires damage to the precentral gyrus or

pyramidal tract. Similarly the coarse reaction called

proprioceptive placing (2, 4, 104) is directly compa-

rable to the 'true grasp reflex' and emerges as a sub-

cortical coordination that eventually becomes very

facile in long term survival after removal of the pre-

and postcentral gyri (26). It is possible that a

large area of moving contact is the adequate stimulus,

rather than displacement (proprioception).

Extrapyramidal Motor Responses

Instincti\e tactile grasping and placing reactions

are released by mesial frontal lesions. We (22, 24, 26)

have found that whereas the natural reaction to a

light tactile stimulus is a delicate balance between a

slight movement of withdrawal or a tentative palpat-

ing movement, a lesion of any part of the cingulate

cortex, supplementary motor area of Woolsey or area

8 of Brodmann, disturbs this balance in favor of exag-

geration of grasping. A lesion including all this strip

is necessary to produce the most prolonged release of

grasping and placing. This release is associated with

disappearance of the contrary withdrawal or 'tactile

avoiding reaction.' Ablation of the parietal cortex or

of the pre- and postcentral cortex results in release of

such avoiding reactions. The cortical pattern of such

withdrawal responses appears to correspond to that

of the extrapyramidal 'inhibitory' effects found by

Tower (gg) by cortical stimulation of limbic and re-

lated cortex after bilateral pyramid section. A
detailed consideration of the cortical mechanisms

of tactile and visual avoiding has been presented

elsewhere (24, 26). It is necessary here only to point

out that this other type of cortical control of move-

ment (withdrawal) is balanced against the instinctive

exploratory reactions, so that damage to either re-

sults in enhancement of the other. We term this

effect 'transcortical release' (22, 23). The tactile

avoiding responses are independent of the pyramidal

system and are thus true extrapyramidal motor

effects. They may be extremely delicate and adroit

in the complete absence of both parietal lobes,

intermittent contact with only a few hairs then

sufficing to elicit elaborate avoiding of a pursuing

stimulus. When the 'set' of cortical reactions is al-

tered in this way, it is as if the unpleasant attributes

of every stimulus are emphasized at the expense of

pleasant or interesting features. The reactions to

pain are correspondingly increased in extent and

duration. Similarly independent extrapyramidal

visual avoiding reactions, also independent of the

Rolandic-pyramidal system, can be identified in the

monkey deprived of the pre- and postcentral cortex

(23, 26) and occasionally in man (24).

The cortical areas active in grasping and avoiding

responses are represented in the ventrolateral and

anterior thalamic nuclei, respectively. Those con-

cerned with vision are in the lateral and medial

pulvinar (26). Direct lesions of these structures at

thalamic level, or their severe degeneration as a

result of very extensive ablation of the corresponding

cortical areas, results in the more intense persistence

of the attitudes of grasping or a\oiding that are

called dystonia. Dystonia is essentially an abnormal

persistent attitude such that any attempt of the

examiner to displace the limb to another attitude

meets increasing resistance. The response to stimulus

is altered as in cortical types of grasping or avoiding,

Ijut the attitude is maintained for long periods with-

out further stimulus (24).

It will be noted that whereas the spinal reflexes

present elaborate organization of the defense (flex-

ion) reflex and at times fleeting glimpses of proprio-

ceptive responses in the flexors, the known postural

reactions of the brain stem and cerebellum make

little use of flexor responses. Inhibition of extensor

responses is more widely found in the reticular forma-

tion, for example, where the presumed positive as-

pect of behavior has not yet been determined. More
highly organized withdrawal behavior appears at

the highest level as the avoiding responses of the cor-

tex, there related to the phylogenetically more primi-

tive cortical areas. The response to pain, for example,

has thus a diffuse cortical representation of this

type and, in association with it, negativistic reactions,

such as mutism and other akinetic states the physio-

logical mechanism of which is poorly understood.

The function of the basal ganglia has not been

mentioned for the simple reason that it is defined

only in terms of symptoms and not of positive reac-

tions. The symptoms are in terms of conflicts between

the various reactions that we have discussed above.

Tonic grasping reactions with long after-discharge

compete with tonic avoiding reactions in the condi-

tion we recognize as athetosis (21, 26), resulting from

lesions of the lenticular nucleus in man. A profusion

of cortical automatisms, exploratory and avoiding,

often incompatilile and therefore leading to gro-

tesque movement, is characteristic of Huntington's

chorea, due to degeneration of the caudate nucleus.
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More intense rivalrv of the same reactions, with

rhythmic ahernating rebound, results in the parkin-

sonian type of tremor (21), following lesions at the

subthalamic le\el. The only conclusion in terms of

positive function of these structures appears to be

that they normally interrelate at their various levels

the several conflicting types of cortical and subtha-

lamic mechanisms of movement so as to give priority

to one or another tvpe of behavior and thus integrate

the total reaction of the organism to the environment.

The inhibition relayed from the cortex to the caudate

nucleus to the thalamus and back to the cortex re-

ported by McCulloch (31) and Mettler et al. (ji)

appears important in regulating various cortical ef-

fects. The poverty of active response to electrical

stimulation of the basal ganglia is consistent with

such a mechanism. If our view is correct, the mecha-

nism of natural activation and function of these

structures will require a complex background of

activity for its demonstration.

CONCLUSIONS

We have attempted to describe the general mecha-

nisms of motor beha\ior in simple terms. Two impor-

tant general principles emerge. First, every motor

reaction has an adequate stimulus, immediate or

remote; and second, all that is known of motor func-

tion indicates that the nervous system as a whole

contributes to each motor act. It is not possible to

indicate separate mechanisms for posture and move-

ment. Postural reactions are fundamental in neural

organization, and mo\ement in its most elementary

form is seen as modifications 01 postural responses.

There is a similar difficulty in defining "function"

which can be used only in a general sense equivalent

to activity. The operative physiological term is

'performance" which from spinal to cortical levels

can be traced in various grades of refinement and in

more appropriate relation to the whole organism

and finally the whole environment. A segmental

reflex may be perfectly performed in terms of the

segmental structures it serves, but for its integration

into behavior we have to examine higher and higher

levels of neural activitv.

In the organization of integration, several arbi-

trary levels of performance can be discerned. At the

segmental level an anatomically fixed synaptic co-

operation of agonists and antagonists is preserved.

At the pontine level the neck and labyrinthine re-

ceptors, through their related portions of the inter-

nuncial reticulum, secure a domination, chiefly in

terms of additi\e wider postural reactions, of the seg-

mental reflex pattern. At the midbrain and subtha-

lamic level this in turn is modified by tactile and con-

tactual responses from the body surface, the effect

of which has been conspicuously absent or fragmen-

tary in the spinal or decerebrate preparation. The
cerebellum contributes importantly at this level.

Autonomic mechanisms, like .somatic ones, are also

seen in fragmentary form at the segmental level and

in more complex combinations in the brain stem.

The hypothalamus adds the homeostasis of the milieu

interne and with it the elementary drive that results

in total response in coarsest form. With an intact

hypothalamus the decorticate animal also exhibits

coarse withdrawal or avoiding behavior with ap-

propriate fear reaction and rapid swing to aggression.

With .such expression are associated total coordina-

tions of autonomic response, already grouped by

lower brain-stem mechanisms.

It is the cerebral cortex, with its projections of the

exteroceptors, that dominates the whole, able to

select items of behavior and modify them in terms of

projected reactions. There are only very slender

clues as to the mechanism of cortical domination.

Our own studies of the defect in movement of the

hand as a result of progressing frontal lobe lesions,

and the reverse process in recovery (21), convinces

us that contactual sensation has an essential part in

the full integration of movement in the higher mam-
mals. Though desensitization of one part has little

effect on its use, deafferentation of a whole limb in

the monkey (75) results in paralysis closely resembling

the effect of cortical ablation. Free exploratory move-

ment in space cannot be performed without the abil-

itv to make contactual palpatory exploration. This

in turn is based on the grasp reflex which is a 'trig-

gered' response. The appropriate contactual stimulus

releases an otherwise latent proprioceptive reaction.

With loss of the triggering mechanism, the proprio-

ceptive response is continuously overactive to every

stretch (spasticity). In this sense the proprioceptive

system is restrained by the subthalamic system and

harnessed to a series of specific contactual triggers

or signals in the pattern of the body-on-body righting

reflexes. Both the subthalamic mechanism and seg-

mental reflex are restrained by the Rolandic cortex

where the specific activation is further differentiated

into the delicate contactual patterns of the instinctive

tactile grasp reaction and the instinctive placing

reaction. From this point of view 'release' is dedif-

ferentiation or loss of restriction to specific attributes
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of adequate stimulus. Suppression with selective

facilitation appears to us to be a general principle of

neural organization, exemplified not only in the

mechanism of prehension but also in the organiza-

tion of spinal reflexes (extensor thrust), labyrinthine

reactions, autonomic function (e.g. urination), learned

behavior and Pavlovian conditioning.

Although the precentral cortex offers a mosaic

anatomical arrangement of units with direct access

to small groups of spinal motor neurons, it is un-

likely that any single category of movement re-

quires restricted Betz cell activity. The survival of a

small precentral area containing few Betz cells,

(for example, 39 counted in one experiment) after

removal of all the remainder on one side, was found

by us (25) to potentiate a remarkable degree ol

recovery of exploratory behavior in the opposite

limbs. This would indicate a wide extent of facilitat-

ing effect on subcortical mechanisms.

In the loss of the placing reactions the correspond-

ing release of neck reflexes indicates that at the cor-

tical level these also are incorporated into fully in-

tegrated movement. The exaggerated labyrinthine

reactions we have found to follow bilateral ablation

of the posterior parietal cortex, a lesion that abolishes

the optic righting reflex (26), indicates that in the

parietooccipital seginent of the extrapyramidal

system visual responses restrict and limit vestibular

reactions in the same manner we have outlined for

the pyramidal contactual mechanism. The release

of 'sham rage' by a lesion of the limbic system indi-

cates that differential modulation of hypothalamic

mechanisms has its origin in this area. Since the limbic

cortex also determines withdrawal and flight be-

havior (26), it is not surprising that autonomic re-

sponses associated with these reactions should also

be modulated from this area; but we suggest that

they are a by-product of motor behavior rather than

an expression of an isolated affective 'center.' Their

counterpart, conditioned pleasurable reactions and

their associated hypothalamic autonomic effects,

is to be expected from the neocortex, as Bard &
Mountcastle (5) have hinted, for the context of this

area is largely tactile. Sexual behavior, being largely

tactile and visual exploratory in nature as well as

olfactory, is a prominent association with overactivity

of the Rolandic mechanism for exploratory move-

ment. The release of these in the Kliiver-Bucy bi-

lateral temporal lobe ablation can also be inter-

preted as 'transcortical release' from temporal

avoiding reactions (26).

The general principle that removal of the 'control

of higher centers' results in exaltation of lower

'centers' was recognized by Claude Bernard (g)

and others and was further developed by Hughlings

Jackson (57). We would prefer to restate the proposi-

tion by saying that removal of one of the competing

factors in the control of movement at any level re-

sults in overaction of the others, and at different

levels loss of differentiation of reaction results in

lowered threshold for the coarser stimulus.

This introduction to the problems of motor mecha-

nisms does not attempt to correlate the large mass of

information on detailed interaction of nuclei and

fiber tracts that is available, or the known specific

properties of the many neuron systems. Rather it

attempts an outline of the general nature of the

behavioral problem to which all types of neuronal

interaction must ultimately have reference.
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KNOWLEDGE OF THE PARTICIPATION of the Cerebral

cortex in sensory and motor activities has been

gleaned from both clinical and experimental obser-

vations. Shortly after the demonstration by Broca

of a center for speech in the cortex of the third frontal

convolution of the left hemisphere (6i), Hughlings

Jackson proposed a functional localization and repre-

sentation of movement in the cerebral cortex (217).

His suggestion proved true with the publication of

the work of Fritsch & Hitzig (158). These pioneers

demonstrated the excitability of the cerebral cortex

by means of electrical stimuli and showed by this

method that movements could be evoked from certain

areas of the cerebral cortex but not from others.

Confirmation of these findings by numerous inves-

tigators (18, 40, 70, 143, 144, 153, 154, 211, 281-283,

339) soon extended the knowledge of cortical involve-

ment in sensorimotor activities (see 394, 448 for early

references). Before considering this problem in detail,

some of the difficulties encountered in the interpreta-

tion of data related to the subject should be fully

understood.

Difficulties inherent in the use of anesthetics have

been largely overcome but others, and particularly

those related to the use of artificial stimulation, are

still of major importance. It is obvious, as has been

frequently remarked, that excitation elicited by means

of electric pulses may induce activities which are not

797
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necessarily normal concomitants. Moreover, certain

cortical influences participate in a temporal and

spatial pattern whicli is not reproducible with elec-

trical stimulation.

For these reasons, it soon became apparent that

substitution of ablation for electrical stimulation

might overcome certain of the difficulties (see 320,

449 for early references). The results so obtained, in

addition to providing anatomical data of prime

importance, have opened new fields of knowledge

although not necessarily contributing to the solution

of the original problems.

Clearly, many of the difficulties are inherent in the

nature of the brain itself where inxestigations are

limited by complex structural and functional arrange-

ments. It has become increasingly evident that areas

of the cerebral cortex other than the so-called 'motor

area' may be responsible for motor activities or partici-

pate in their regulation. It is very likely that integra-

tion of a normal behavioral pattern of inovement

results from the sum of several subliminal activities

in groups of neurons which reciprocally influence

each other at different levels in the central nervous

system. Stimulation techniques potently emphasize

the ease of disruption of the delicate balance between

inhibitory and excitatory processes through which

the firing of neurons is regulated. On the other hand,

ablation is of little assistance here since cortical re-

section results in functional changes which can rarely

be construed as the inverse of the effects of stimula-

tion.

It might, therefore, be considered that the co-

ordinated action of structiu'es involved in sensorimotor

activities is very easily disrupted when submitted to

these experimental procedures and that the experi-

menter sees only a distorted view of the original proc-

esses. We might, thus, conclude with Sherrington

(394) that "our expectation must be modest, for

inodest assuredly must be the achiesement reached

by such means in a problem of such a nature."

A further difPxulty in assessing cortical motor func-

tions arises from the current practice in clinical ter-

minology of identifying the upper motoneuron syn-

drome as a 'pyramidal' one in contrast to the 'extra-

pyramidal' syndromes. Historically, the development

of this terminology, and of the related concept of two

separate systems involved in motor functions, arose

in the observation that motor disorders of particular

types result from lesions elsewhere than in the pyraini-

dal tract. Reappraisal of this concept of a double

motor system has been necessary (cf 196, 303, 325-

328) with the acquisition of anatomical and physi-

ological data to be presented below and by other

authors in this work. Briefly, it must be conceded

that when the term 'upper motoneuron syndrome'

is used and account taken of a simultaneous involve-

ment of extrapyramidal functions, a distinction can

be drawn between this syndrome and those which are

primarily extrapyramidal in origin. This concept ap-

pears to have a firm basis in clinical and experimental

observations. Skilled movements are abolished in

primates, including man, by lesions in the so-called

'motor" area as well as by lesions which involve,

partialK' or totally, fibers coming from this area and

tra\eling in the pyramidal tract. Two facts, however,

are clear, a) Both initiation of mo\ements, using the

term 'initiation" in a purely mechanistic sense, as

well as their control require adequate information

from proprioceptive and exteroceptive receptors. The

patterning of a behaviorally appropriate sequence of

mo\ement is possible only with a background of in-

formation provided from these inputs (45, 141, 336).

b) The coordination of tonic and phasic activities in

the participatins; muscles as well as all necessary ad-

justments in posture, including muscles other than

those primarily in\ol\ed, results from integrated

actixity in all participating structures (pyramidal,

extrapsramidal, cerebellar and spinal). Additionally,

there are probalilv concomitant chanoes in the auto-

nomic sphere.

The cortex is obviously one of the places where

regulation and modification of an initiated move-

ment can occur through convergence here of all

relevant information in a structure which is capable

of great integrative functions, and which in turn can

influence the efi'ector apparatus via the pyramidal

tract and by acting upon subcortical structures which

mediate extrapyramidal motor effects. Stimulation

of the primary inotor cortex, after section of the

pyramidal tract (cf 421, 422), is followed by synergic

movements which were interpreted as 'significant'

acts, even if limited to the proximal segments of the

limb (422).

For this reason, a distinction between pyramidal

and extrapyramidal actixities contributino to motor

functions at the cortical le\el becomes quite arbitrary.

In addition, experimental and clinical findings can

demonstrate only predominance of function or func-

tions, but they can rarely exclude the coexistence of

other functions. We shall, therefore, attempt a de-

scription of the role of the cortex in sensorimotor

activities without pretense to a rigid scheme of organi-

zation.
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COMPARATIVE STUDIES OF EXCITABLE CEREBRAL CORTEX

Historically, since the earliest experiments of

Fritsch & Hitzig (158) a formidable body of data has

been gathered on the arrangement of cortical zones

from which somatic movements can be elicited by

electrical stimulation or by application of drugs (31,

32, 186, 223) to the cortical surface. With increasing

sophistication of electronic techniques, many of the

problems associated with control of stimulus param-

eters have been solved, but the probability of cur-

rent spread to areas remote from the site of stimula-

tion has continued to beset investigations in this

area and may be responsible for many seeming in-

consistencies. In their experiments, Fritsch & Hitzig

(158) and Hitzig (205-207) used bipolar gahanic

stimulation. In 1873, Ferrier (143) introduced faradic

stimulation as preferable to galvanic stimulation.

Although in his hands the movements were less dis-

crete than those described by Fritsch & Hitzig and

were evoked from wider areas of cortex, refinements

in the faradic technique led to its general acceptance.

A logical extension of this method has been the appli-

cation of square-wave and other pulse trains under

carefully controlled conditions (see below).

Phylelic Aspects of Cerebral Cortical Representation

The progressively augmented complexitx' in the

cortical motor representation of body regions seen in

the higher mammals may be assessed by the increasing

intricacy of motor patterns elicited by cortical stimu-

lation in higher primates, including man, and by the

severity and persistence of motor defects after corti-

cal resection in the primates as compared with lower

mammals.

It must be emphasized that cortical stimulation

with trains of pulses or sine waves has failed to elicit

anything but fragments of skilled movements. The
relatively crude nature of these responses may well

arise from the inability of artificial stimulation to

simulate the natural patterns of cortical excitation.

The progressive incorporation and elaboration of

motor functions at the cerebral cortex may be corre-

lated, too, with the relative and absolute increase in

the size of the responsive areas in man and higher

apes, and with the increasing differentiation of the

microscopic arrangements of the motor cortex, both

in the volume of the dendritic field of individual

cells and in the laminar organization of the cortex as

a whole.

In reptiles, such as the alligator, turtle and lizard.

the formation of the motor corte.x is foreshadowed

(29, 30, 222). In these forms, the axons of the stimu-

lable cortical cells, do not form a corticospinal tract;

this makes its first appearance in mammals (226).

In the monotremes, Martin (291) found a large,

ill-defined responsive area on the anterior half of the

lateral surface of the hemisphere of the platypus.

There was a large face area with forelimb responses

from the same region at a higher threshold. No hind-

limb movements were evoked. The marsupials also

showed a poor separation of face and forelimb repre-

sentations. Hind-limb representations tended to be

inconstant and movements diffuse (i, 145). Even in

the higher marsupials, such as the kangaroo, hind-

limb responses were not elicited in some animals

(437). Huber (212) suggests that, in the evolution of

their motor cortex, the marsupials have not reached

the stage where their hind-limb representations are

stably represented in the cortex, and that the response

variations noted may reflect individual variations in

the degree of representation. Since in the marsupial,

at least, maps of the excitable areas indicate move-

ments from regions forming parts of the somatic

sensory cortex, the possibility must also be considered

that movements are evoked in response to a sensation

(5) rather than as part of a primary motor response.

Turning to the placental mammals, it would not

seem fruitful to re\iew extensively at this point the

numerous studies of cortical motor functions in lower

mammals since, at best, the knowledge so gained

gives but a fragmentary picture of the motor organiza-

tion in the total gamut of placental mammals.
Among the smaller mammals, including insec-

tivores, bats and rodents, the excitable cortical areas

lie close to the anterior pole of the hemisphere. Rep-

resentation of facial musculature is more extensive

than of other body regions in these animals, with

representations of the snout muscles predominating

over other facial zones in forms, such as the hedgehog,

where the snout plays a major functional role (288,

437). Limb responses tend to be meager, with overlap

between forelimb and hind-limb areas. Hind-limb

responses are elicited at higher thresholds than those

from the forelimb and have not infrequently been

reported as absent. In the ungulates, limb representa-

tions have likewise been diHicult to evoke, even with

stimulation under local anesthesia (28, 397).

In the carni\ores, the excitable areas are grouped

around the cruciate sulcus. In these animals a greater

complexity of cortically induced movement parallels

increasing histological differentiation. Facial and

forelimb areas are clearly separated and contralateral
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FIG. I. Motor and sensory

representations in the cerebral

cortex of rabbit, rat and cat. In

the rabbit, the subdivisions so-

matic area i (Si) and somatic

area 1 1 (Sii) are overlapped to a

great extent by the responsive

field to antidromic stimulation of

the medullary pyramid. The map
for the rat shows motor repre-

sentations only. [After Brodmann

(64),Gulotta(i86),Huber (212),

VVoolsey & Fairman (477), Adey

& Kerr (5) and Porter (365).]
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hind-limb movements readily obtained (143, 158,

249, 348, 349, 443, 470). Much of the excitable corte.x

in the carnivore is buried in the cruciate sulcus, and

specific attention has been directed to this problem

by Stout (413) and others, and more recently by

Delgado (116). Leyton & Sherrington (266) had es-

timated the buried cortex in the higher apes at about

35 per cent of the vv'hole motor region. In the cat,

Delgado found that the buried cortex in the cruciate

sulcus contains a motor representation of the hind

limbs, whereas forelimbs, neck and face are consecu-

tively placed from the superior to the inferior part of

the presylvian sulcus.

The primates have a common general plan of

cortical motor organization, exemplified by the

arrangement found in the monkey, as shown in figure

2. Although motor functions may be ascribed, with

good reason, to a variety of cortical areas, including

certain parts of the temporal and occipital lobes, it

would seem useful as a point of departure to focus

attention on the three cortical zones from which motor

responses can be elicited in the greatest profusion and

complexity. The nature of the responses from these

areas will be discussed below.

An area of the frontal lobe lying in front of the

central sulcus in gyrencephalic brains forms the

Rolandic or precentral motor area. This strip, with a

vertically inverted and .sequential representation of

body parts, may be considered as a unit jointly with a

similar but less powerful motor representation in a

parallel strip of postcentral cortex yielding weaker

and less discrete motor responses. Its representations

are essentially contralateral (cf. 357, 482). There is a

progressive phyletic increase in the representation of

distal segments of the limbs, with a remarkable ex-

pansion of the digital representation.

At its upper end the Rolandic area adjoins the

medial border of the hemisphere, and in man the

contralateral foot is represented on the medial aspect

of the hemisphere in the paracentral lobule. In this

region the Rolandic area adjoins a supplementary

motor area. As noted by Munk (339) and by Horsley

& Schafer (211), stimulation of the cortex within the

longitudinal fissure anterior to the primary leg repre-

.sentation in the monke\- produced moxements of the

contralateral arm and head turning, Griinbaum &
Sherrington (184) noted movements of foot and leg,

shoulder and chest, thumb and fingers from stimula-

tion in this area in anthropoid apes. They considered

that the conditions under which these reactions oc-

curred separated them from those characterizing the

Rolandic 'motor' area. Studies to be reported below

(358, 479-481) have indicated a largely bilateral

representation of l)ody parts in this supplementary

area.

The third cortical zone which may be in\()l\ed in

integration of mo\cments is the second somatic area,

located in the monkey on the superior lip of the lateral
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sulcus (357, 358, 414) and extending to the insula.

Movements of the face and limbs were evoked from

this area and were in all cases contralateral.

Of the higher primates, the orang was the first to be

explored (43) and showed an extension of the excitable

FIG. 2. Motor (.1) and sensory (/?) representations in the

monkey. The medial aspect of the hemisphere is depicted as

adjoining the dorsolateral aspect. In each map the depths of

certain sulci are indicated by Imrs of open circles. Thus, the sup-

plementary motor representation extends into the superior

lip of the cingulate sulcus. Somatic area 1 1 extends into the

superior bank of the Sylvian fissure. [After Woolsey el al. (478),

WooLsey & Fairman (477), Malis et at. (287), .^dey et al. (8)

and Travis (426).]

cortex into the postcentral gyrus. Later, Griinbaum

& Sherrington (184, 185) stimulated seven other

great apes, including the orang, chimpanzee and

gorilla. In contrast to Bee\or & Horsley (43), they

found that the electrically responsive area occupied

the whole length of the precentral convolution and,

in most places, the greater part of its width. They

noted a downward extension almost as far as the

fissure of Sylvius and medially into the paracentral

lobule. Only feeble responses were seen from the

postcentral gyrus. Localized movements were more

readily obtainable in these apes than in the monkey

(•99' 394)-

Sherrington and his colleagues subsequently ex-

amined the 'echo responses' elicited from the post-

central gyrus (i66). Strong faradization of the post-

central cortex in anthropoid apes produces only weak

movements. Brown & Sherrington (68) showed that

stimulation of the postcentral gyrus immediately

following cessation of precentral stimulation leads to

responses resembling those elicited from the pre-

central gyrus, but that this response fails after the

first or second stimulation. However, by applying

liquid air to the precentral cortex, Graham Brown

(67) established that these effects from the postcentral

gyrus are not due to spread of current to the cor-

responding section of the precentral gyrus. Brodmann

(63) and Vogt & Vogt (437) had previously noted

that destruction of the postcentral gyrus in the monkey

led to a decrease in the adequacy of movements.

Human stimulation studies date from 1874 with

the attempts of Robert Bartholow in Cincinnati to

evoke movement in a patient in whom the brain was

exposed through a suppurative condition of the scalp

with the aid of an electrostatic generator (40). The

unfortunate outcome of his experiments was a de-

terrent to further investigation for some years. Keen

in 1888 reported three successful cases of faradic stim-

ulations (227). Lamacq (245) and Krause (235, 236)

also employed unipolar faradic stimulation, and in

1905 Mills & Frazier (315) described the position

and subdivisions of the human motor area with a view

to surgical intervention. Gushing (109) and van

Valkenburg (430) applied techniques of local anes-

thesia to permit stimulation of conscious patients.

They observed a differentiation of sensory and motor

functions at the central sulcus. Foerster (148, 149)

explored the cortex in epileptic patients, using gal-

vanic stimulation with local anesthesia and faradic

stimulation under general anesthesia, and found

excitable zones outside area 4, including areas 3, i and

2 of the postcentral gyrus.
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F ROLANDI

FIG. 3. The sensory and motor

representations in the human
brain as determined at operation,

indicating the extent of overlap

between various body regions.

The lower figure indicates the

cortical zones yielding motor re-

sponses. The numerals designate

Brodmann aieas within the re-

sponsive zones, but the limits of

these zones are not coincident

with histologically defined corti-

cal areas. The supplementary

motor area on the medial aspect

of the hemisphere is not shown.

The anterior part of the shaded

region including area 19 has been

described by Penficid and Ras-

mussen as concerned with arrest

of speech, while the posterior

part of this zone has been shown

to be involved in associated ad-

version of head and eyes, al-

though in Penfield's view these

responses are seen more fre-

quently from an epileptic focus

here rather than from cortical

stimulation. [After Foerster (150),

Penfield & Boldrey (356) and

Rasmussen (358).]
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The work of Penfield and his colleagues, sum-

marized by Penfield & Rasmussen (.358), has greatly

extended our knovvledge of the closely woven patterns

of the human motor cortex. These studies have empha-

sized the motor responses in the hands, lips, vocal

cords and jaw which can be elicited from the post-

central gyrus and the extent of the supplementary

motor area on the medial aspect of the hemisphere.

The sensory and motor areas are shown in figures 3

and 4.

Certain phyletic aspects of cortical differentiation

in the primate will be discussed below in relation to

the Babinski response. Much additional information

will be found in the reviews of Hines (199), Bucy {73)

and Woolsey et al. (481 ). Before presenting a detailed

discussion of stimulation and ablation studies in the

cortex, ontogenetic aspects of motor functions will be

outlined.

Ontogenetic Development of Motor Cortex

Although the motor facial area was one of the first

in the phylogeny of mammals to become definitely

localized in the cerebral cortex, in ontogeny the

facial area of the subprimate becomes responsive to

electrical stimulation at a considerably later stage

than does the forelimh area (212).

Weed & Langworthy (470, 471) and Langworthy

(248, 249) stimulated various stages of the pouch-

young of the marsupial Virginian opossum {Didelp/iys

virginiand), corresponding to early fetal development

in placental mammals. At 23 days, with a crown-
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Penficld, VVoolsey and others, there is a significant

distortion in the relative size of body parts when rep-

resented in the form of a "homunculus." However,

such a method of depicting the cortical representation

must be treated with reserve by reason of the great

overlap in the responsive zones found at any one point.

Using sine wave monopolar stimulation of the

precentral gyrus of adult chimpanzees at frequencies

from 5 to 1440 cps, Hines (201 ) found that the optimal

frequency for eliciting movements was around 90

cps. She observed jerky uncompleted movements at

frequencies from 1260 to 1440 cps. Delay in the onset

of the response was related to both stimulus intensity

and frequency. The delay at liminal or supraliminal

intensities was longer for low frequencies than for

high frequencies. Boynton & Hines (53), in similar

studies with sine wave stimulation in cat and monkey,

had previously observed two optimal frequencies

(80 to 120 and 500 to 600 cps). Exploration of the

cortex in depth indicated a drop in threshold from

3.0 v. at the surface to i.o v. in layer \'. Brown &
Blackett (66), in studying motor responses to sub-

cortical stimulation, have confirmed that the delay

in the onset of motor responses is related to the in-

tensity of the stimulus. Adrian (g) has pointed out

that stimulation of the cortex at one-half to one-third

the movement threshold is sufficient to evoke a nega-

tive potential for a distance of 2 to 4 mm around a

unipolar electrode. Cortical unit studies in relation

to motor responses will be described below.

McCulloch (294) has indicated that increasing

duration of the stimulating pulse leads to excitation

of an increasing proportion of the motor neuron pool.

There is, of course, a limit to the duration of rectangu-

lar pulses which may be applied without risk of cellu-

lar damage. For this reason, Lilly et al. (274, 275) have

investigated the use of a dififerentiated square wave

with an invariant period between the positive and

negative phases. They claim that this form of stimu-

lus does not detectably injure cellular function when

passed through the cortex at strengths near threshold

4 to 5 hours per day for 5 to 15 weeks, and suggest

that other similarly balanced brief wave forms might

be expected to produce equivalent results.

Cure & Rasmussen (106) have investigated the

separate roles of frequency, wave form and pulse

duration, as well as intensity, on motor responses in

the macaque. They used bipolar silver electrodes

with a tip separation of 2 to 3 mm, and pulse durations

of o. I to 3.0 msec, at frequencies of 2 to 200 per sec.

A burst of stimuli was delivered for 1.2 sec, once each

minute. Under these conditions, they observed from

many points reproducible changes in motor responses

directly attributable to alterations in frequency.

These effects were more often seen from points near

the junction of primary areas of representation, or

from those areas usually assumed to represent more

proximal muscle groups of the extremities. Thus,

stimulation of a point in the "arm' area near its junc-

tion with the "face' area produced only thumb re-

sponses at voltages of threshold intensity when the

frequency was less than 30 per sec, and only lip re-

sponses at frequencies above 30 per sec, with voltages

at or near threshold. Farther medially in the thumb

area, high frequencies often produced movement of

more proximal muscle groups of the extremity, either

alone or with thumb mo\'ement. Tliumi) mos'ements

occurred at stimulus rates of 2 to 30 per sec, while

with frequencies from 6 to 150 per sec, wrist extension

occurred, either alone or with thumb movement.

These investigators prepared three separate response

maps at 2 to 10, 60 and 200 stimuli per sec. The high

frequencv map was characterized by a paucity of

toe, thumb and finger movements. The order of

motor sequence was identical in each, and the bounda-

ries between face, arm and leg subdivisions, as de-

termined b\' these threshold stimulations, were almost

identical. Similarh', stimulation of the frontal eye

fields in area 8 has produced conjugate deviation ot

the eyes with brief pulses at 50 per sec, but at 10 to 20

per sec. ipsilateral deviation occurred (278). From the

upper part of area 8, a "waking" reaction in eye move-

ments occurred at high frequencies and a "sleeping'

response at low frequencies.

The consequences of altered pulse duration have

also been studied by Cure & Rasmussen (106). Usually

motor responses at a given frequency were the same

over the range of durations tested (o. i to 3.0 msec).

Occasional reproducible alterations were seen which

seemed to be correlated with alteration in pulse

length. Thus, at one cortical point pronation of the

proximal forelimb with 3.0 msec, stimuli changed to

finger movements with shorter stimuli (o. i to i .0

msec.) at 30 stimuli per sec. Longer pulse durations

would fire cells more peripheralh' placed. A fortuitous

placement in relation to the neuronal foci for the

pertinent muscle groups, as postulated by Chang et

al. (88), might permit such an alteration of response

as varying groups of cells were activated.

The effects of increasing intensity of stimulation

have been variously reported. Clark & Ward (92)

found that occasionally strong stimuli might produce

a different pattern of response in which the movement

elicited b\- weak stimuli did not occur or was com-
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pletely masked by other stronger movements. For

example, fanning of the toes occurred at an intensity

of i.o v., while with 1.4 v. no fanning of the toes oc-

curred, but violent flexion of the knee and hip was

elicited.

Murphy & Gellhorn (341 j found by direct measure-

ment that spread of current was probably a negligible

factor in spread of additional movements at higher

stimulus intensities. They incised the cortex between

two points representing shoulder and thumb areas

and inserted an insulating sheet into the incision. The
original responses from these two points still occurred.

Moreover, differential responses elicited from the

'shoulder" point, with high and low frequencies pro-

ducing separate shoulder and thumb movements

respectively, were still present after the incision. The
same changes of motor response with varying fre-

quencies persisted on stimulation of white matter

after removal of the overlying cortex, suggesting that

integrative processes at subcortical or spinal levels or

both may be important in producing these variations

in motor response dependent on either pulse frequency

or duration.

The part played by cells in different layers of the

cortex in the initiation and maintenance of movement

remains obscure, and unit studies bearing on this

problem will be discussed below. It may be pointed

out from thermocoagulation and depth studies that,

while motor responses may arise from pyramidal

cells in the deeper layers of the cortex, there is some

evidence that superficial cellular layers are also in-

volved (53, 124). Dusser de Barenne & Marshall (128)

showed a definite lowering of the threshold to faradic

stimulation when i per cent procaine was painted in

a circle around the point stimulated and suggested

that there was a release of this point from inhibiting

influences of surrounding cortex.

It has long been recognized that motor responses

from the cerebral cortex may involve inhibitory as

well as excitatory effects (70). Bosma & Gellhorn

(52) noted decreased firing in the electromyogram

during cortical stimulation and the direct visual ob-

servations of Clark & Ward (92), Cooper & Denny-

Brown (loi), Sherrington (394) and Cure &
Rasmussen (106) revealed that subliminal stimuli,

insufficient to produce an active mosement, elicited

an obvious relaxation of the tonically contracted ex-

tremity. Raising the stimulus considerably above

threshold produced stronger and additional move-

ments. Instances of simultaneous contraction of an-

tagonistic muscles were not observed either during

cortical stimulations (192) or when the stimulus was

applied to the white matter (191).

Nature of Cortical Representations

Turning to the question of the nature of the cortical

inotor representation of body regions in the cerebral

cortex, one is immediately faced with the problem as

to whether individual muscles achieve a representa-

tion in the precentral strip, or whether the representa-

tion is of groups of muscles concerned in patterned

activity necessary to the performance of movement.

The issue has been vigorously debated and admits

of no easy solution. Moreover, studies in unanesthe-

tized animals indicate the possibility of evoked motor

responses from widespread areas of the cerebral

cortex (276, 277).

Walshe (462-465) has argued that whenever a re-

action is evoked from stimulation of the motor area,

it is an organized pattern of response involving re-

ciprocal innervation of opposing muscle groups and

not merely the reaction of a single muscle or part of a

muscle. The opposite point of view, namely that in-

dividual muscles may be activated by appi'opriate

stimuli, has been vigorously championed by Fulton

(161 ) and others. Chang et al. (88) isolated eight mus-

cles and showed that, at certain cortical points, thresh-

old stimuli evoked "solitary responses", i.e. an isolated

reaction of a single muscle. In some of the larger

muscles, separate groups of fasciculi within a par-

ticular muscle mass were indi\idually stimulable, and

they concluded in consequence that at some level

"muscles must be represented as muscles" so that

they can be manipulated and organized into inove-

ments.

At least a partial solution to this intellectual im-

passe has been offered by Liddell & Phillips (269-

271), who noted the change in the baboon's cortex

from the map of few effects and extensive responsive

areas elicited by single shocks to the map of many
effects and narrow areas delineated by repetitive

stimulation at 50 per sec. The latter grows into the

traditional map of 'motor points.' They agree with

Walshe that Jacksonian fits have their characteristic

form of onset because the movements concerned are

tho.se that have the widest fields of low threshold. In

further studies of the motor cortex in the baboon,

with single shocks i to 5 ma in strength and 5.0 msec,

in duration, they elicited flick movements of thumb,

index and minimus, of the hallux and other toes, of

the tongue and angle of the mouth, centered on the

middle, medial and lateral thirds, respectively, of the
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precentral syrus. The thumb complex had the lowest

threshold, the face complex the highest. Increasing

the frequency of stimulation dissolved this simple

pattern of representation into the classical motor map.

They have examined the cortical representation of

motor units of the first dorsal interosseous muscle of

the hand, with a view to testing the degree of un-

varying inevitability or of causal lability of trans-

mission along this neural pathway. They conclude

that neither of these events is absolute and both obtain

partially. Motor units in the first dorsal interosseous

muscle were acti\ated by single pulse stimulation of

different motor points. Responses were variable with

units fluctuating in latency and order of firing or not

firing at all, and there was no more than a tendency

to absolute or rigid relationships between any cortical

point and a responding spinal motoneuron. The evi-

dence suggested, however, that certain motoneurons

may be summoned into action with special ease.

Liddell & Phillips (271) found no systematic

lengthening of latency of motor unit responses from

the center to the periphery of the cortical area, sug-

gesting that there need be, as a rule, no additional

synapses on any horizontal path running from the

periphery to the middle (or low threshold part) of the

stimulable cortical area. They consider their findings

consistent with the view that the neural path from

cortex to spinal motoneurons arises from all parts of

the cortical area stimulated and not only from its

lowest threshold part.

Autonomic Cotutimitants of Cortual Sliniii/alion

Brief reference may be made here to the autonomic

effects which follow stimulation of the motor areas of

the cortex, since there is evidence that they may be

mediated through fibers of the pyramidal tract (89,

246, 329, 382). If limb and kidney volumes are simul-

taneously recorded during stimulation of area 6 in

the monkey, limb volumes increase while kidney vol-

umes diminish. There is also a sharp rise in systolic

arterial pressure which is independent of limb move-

ments since it is seen in the curarized animal. This shift

in blood volume is from viscera to muscles, rather than

from viscera to skin (182, 210).

Vasodilator responses follow stimulation of the

motor cortex of the dog in an area between the cruci-

ate sulcus and the sulcus considered to be homologous

to the fissure of Rolando (
1 39), and subcortical \'asodi-

lator points seen in these experiments may indicate

the participation of a corticohypothalamic pathway

with at least some fibers passing in the internal cap-

sule to the anterior hypothalamus where relays de-

scend to lower lexels. Lund (284, 285) has described

an analogous autonomic response in the cat where

v'ery active \asoconstrictor reactions can be ob-

tained from the frontal pole from an area corre-

sponding closely with that outlined by Rose &
VVooLsey (378) as the orbitofrontal projection area of

the dorsomedial nucleus of the thalamus. Vasocon-

striction is confined largely to the skin and is accom-

panied by a rise in the systolic arterial pressure. Lund

suggests that in \ie\v of the overlap of the vasomotor

and the motor centers of the cortex, \oluntary muscu-

lar work constitutes the normal physiological stimulus

for the cortical vasomotor center, and that specific

autonomic foci may share a representation with ap-

propriate somatic areas.

Little is yet known about the anatomical pathways

mediating these autonomic effects, although the physi-

ological evidence suggests that cortical influences

relay in hypothalamic and mesencephalic nuclei, in

addition to more direct pathways through the pyrami-

dal tract. Eliasson et al. (139) have drawn attention

to the finding that cortical stimulation affects par-

ticularly the sympathetic \asodilator outflow, and that

tliis is apparently concerned solely with the integra-

tive control of muscle blood flow. Direct stimulation

of the hypothalamus mimics in many respects the

autonomic responses to cortical stimulation, with

redistribution of splanchnic blood to active muscles

in a fashion consistent with the role assigned to the

hypothalamus in response patterns of emotional

arousal in emergency situations.

The results of cortical stimulation suggest that

these cortical vasodilator neurons are concerned pri-

marily with the initial adjustment of muscle blood

flow during exercise and occur with such speed that a

neural rather than a humoral mechanism is neces-

sarily involved. It is further postulated that these

sympathetic vasodilator nerves may be involved in

the control of muscle blood flow even if the organism

is not under stress. Although the sympathetic vasodi-

lator nerves may play a part in the initial rise of blood

flow in the muscles at the start of muscular exercise,

they are not necessarily involved in the regulation

of muscle blood flow during exercise. Nevertheless,

some difficulty attaches to the interpretation of the

apparent absence of tonic effects of cortical volleys

on the vessels of skeletal muscles since most observa-

tions have been made in animals under general anes-

thesia. This topic is discussed at length by Uvnas in

Chapter XLIV of this work.
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CORTICAL ABLATION STUDIES OF

ROLANDIC MOTOR AREA

The neurological deficit following resection of

cortical motor areas becomes greater at progressively

higher levels of the phylogenetic scale. Walker &
Fulton (459) have examined the effects of hemide-

cortication in carnivores and a series of primates, in-

cluding the monkey, baboon and chimpanzee.

Whereas the hemidecorticated cat is able to walk on

the first postoperative day, this operation produces

severe paralysis with persistent paralysis and reflex

changes in higher primates. Walker & Fulton discuss

two possible explanations for these differences. Either

there is greater bilateral motor representation in the

lower animals or there is greater encephalization of

function in the primates. Although there is evidence

for the ipsilateral control of movements in rabbits,

cats, dogs and monkeys, an extensive comparative

study is lacking; and Walker & Fulton conclude that

the differences arising from hemidecortication are

more probably attributable to increasing encephaliza-

tion in higher mammals where the more extensive

and more complex cerebral cortex may assume func-

tions controlled at subcortical levels in lower mam-
mals.

Phyletic differences in the degree of spasticity in-

duced by cortical resection have been stressed by

Walker & Fulton, and since this is a dominant aspect

of the postoperative picture, a discussion of its

mechanisms of origin will be found in Chapters

XXXII by Denny-Brown, XXXIV by Patton &
Amassian and XXXV by Jung & Hassler.

Removal of the excitable areas of frontal and parie-

tal lobes in primates from monkey to man reveals the

increasing significance of the role of the cortex in

motor functions, both by reason of the increasingly

profound paresis immediately after ablation in higher

primates and also from the decreasing extent of ulti-

mate recovery following such resections. Attention

will be directed first to the effects following removal

of the primary motor area.

Proceeding from earlier investigation (cf. ;520,

321-324, 394, 449), Fulton & Keller (162) removed

the foot area in the precentral gyrus of the young

chimpanzee after defining its margins by faradic

stimulation. A profound monoplegia ensued for 24

hours with complete areflexia, but the knee jerk then

reappeared and with it a faint withdrawal respon.se

on vigorously pinching the plantar surface. By the

second day the withdrawal response was more obvi-

ous. The paresis was at all times flaccid in the digits

and remained so for 9 mos. Movement began to re-

appear at the hip after 4 or 5 days, followed by knee

and ankle mo\ements, but the digits tended to re-

main permanently paralyzed. Fulton & Keller then

studied a series of other primates with lesions sharply

restricted to the posterior part of area 4, including

monkeys, baboons and gibbons, and coniirmed the

presence of a flaccid paralysis.

Denny-Brown & Botterell (118) made subtotal

lesions of area 4 and found that muscles of the fingers

may go through moderate spasticity in the course of

recovery of motor power, e\'en though more proximal

muscles are flaccid. Travis (425) observed after pre-

central motor lesions in the macaque an immediate

severe voluntary impairment, hypotonia and dimin-

ished tendon reflexes. No ipsilateral deficits were ob-

served. In contrast to Fulton & Keller's findings in

the chimpanzee, recovery was as rapid in distal as in

proximal joints, with impairments persisting in both.

Within 2 to 12 weeks these animals were able to pick

up small stationary objects by apposition of thumb and

index finger but never again at faster than half the

initial speed. Atrophy of about 10 per cent appeared

in contralateral liinbs during the period of greatest

disuse and completely disappeared after maximal

functional recovery.

Lesions of the precentral agranular cortex in the

macaque were found to interfere especially with

skilled acts, as measured by time scores (369).

Posterior lesions produced a greater defect than an-

terior lesions (the latter extending anteriorly to the

arcuate sulcus). Visual discrimination and delayed

response were unaffected. Bilateral ablation exacer-

bated the effects of a unilateral lesion. Pribram et al.

(369) concluded that the motor defect in precentral

ablation is not due to the loss of an act through ex-

cision of the locus of a "habit', but rather that a sco-

toma of action results. Hopping and placing reactions

(38, 475) and their abolition by lesions in the motor

cortex are described elsewhere.

Much additional information is to be found in the

comprehensive reviews of Hines (199, 203) and

Penfield & Rasmussen (358 j.

Hahnuki Response

Historically, concepts concerning this sign have

changed since the original proposals of Babinski (cf.

259) who noted that in certain patients with nervous

system disorders, plantar stimulation caused an ex-

tension of the toes, especially the great toe, followed

by abduction of one or more toes ('fanning'), and
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that this appeared to result from a perturbation of

function of the pyramidal tract. He recognized that

the sign occurred in patients with intact pyramidal

tracts, and that its anatomical basis might be obscure.

Less cautious clinical observers ha\'e regarded the

sign as pathognomonic of a lesion of the pyramidal

tract. Nathan & Smith (345) examined the phe-

nomenon following cordotomy and with histological

control, and concluded that there is no relation be-

tween the anatomic state of the corticospinal tracts

and the form of the plantar response.

Fulton & Keller (162) have investigated the

Babinski response on a comparative basis in a series

of primates. In the chimpanzee the reaction shows

two phases, as in the human, with an initial digital

extension, particularly in the great toe, followed by

a phase of lateral deviation and fanning. The second

phase is more obxious after bilateral removal of the

foot areas and is augmented when the premotor area

is encroached upon. The Babinski response persists

indefinitely in the chimpanzee. In the gibbon, which

they regard as intermediate between the baboon and

the chimpanzee in encephalization, the Babinski re-

sponse is well-developed for 3 weeks following area 4

ablation and then gradually disappears with the re-

turn of volitional use. Removal of the leg area on one

or both sides of the motor cortex failed to produce the

reflex in the macaque, mangabey, patas monkey or

guenon. Only when the lower lumbar segments were

freed completely from higher control by hemisection

of the spinal cord was the Babinski response noted.

In the baboon, on the other hand, removal of the

cortical leg area produced the response, and motor

recovery in the baboon was slower than in the inon-

keys. Fulton & Keller concluded that 'cortical dom-

inance' is more highly developed in the baboon than

in the other old world monkeys studied. The gibbon

shows still higher cortical dominance, with an even

more obvious Babinski sign, and an even slower re-

turn of motor functions.

Recovery After Ablation

The nature of compensation and recovery of func-

tion postoperatively has attracted considerable atten-

tion. A phenomenon of bilateral compensation for

the effects of unilateral lesions of area 4 has been de-

scribed, such that if area 4 of the remaining hemi-

sphere is removed after a delay of 3 or 4 mos., none

of the usual signs of pyramidal tract injury appear

(2). Similar compensations occur in the absence of

callosal connections but are prevented if the sensory

cortex of areas 3, i and 2 are also removed. The pre-

motor cortex may also participate in the process of

compensation.

Kennard (230, 231) has studied extensively the in-

fluence of age on the processes of recovery of motor

functions. The possibility of reorganization of these

functions has been found to diminish progressively

with age. While ablation of areas 4 and 6 in the infant

monkey is followed by a quite substantial recovery,

similar intervention in adult monkeys produces more

dramatic and permanent motor defects. Participation

of the intact cortex in the recovery processes has been

postulated since ablation of either parietal areas i,

2, 3, 5 and 7, or frontal areas 9, 10, 11 and 12 increases

the pre-existing motor deficit. Murphy & Arana (340)

found no evidence of reorganization in adjacent corti-

cal areas after excision of the arm area. They suggest

that the postoperative recovery of functions may in-

vohe subcortical mechanisms. Glees & Cole (177)

have made repeated small lesions in the motor cortex

of the macaque and mangabey. Small lesions of area 4

in the thumb and hand zones produced paralysis

with a considerable degree of recovery and return of

motor skill. Stimulation of adjacent cortex after re-

covery gave hand movements not previously present

in these areas. Undercutting of these responsive areas

caused a recurrence of paralysis and loss of motor

skill. They consider that the motor cortex does not

function as a mosaic but has a tendency, when a

lesion occurs, to act in a less differentiated and more

primitive manner which they ascribe to the pluri-

segmental connections of area 4 as revealed in their

concurrent histological studies.

EFFECTS ON PH.XSIC AND TONIC MUSCULAR ACTIVITIES

OF STIMULATION AND ABLATION OF CORTICAL AREAS

OTHER THAN PRIMARY' MOTOR AREA. THEIR

CONNECTIONS

Supplementary Motor Areas

Following the early observation of movement from

stimulation of the medial surface of the hemisphere

(see page 800), the name 'supplementary motor area'

has been applied by Penfield and his associates to

this region within the longitudinal fissure in the su-

perior and intermediate frontal region (358-360). A
variety of responses follow stimulation here in man,

including raising of the opposite arm, turning of the

head, bilateral synergic contraction of the leg and

trunk, movements of the eyes and pupillary changes.
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cardiac acceleration, vocalization or arrest of speech

(358). The movements of skeletal musculature were

described as 'tonic contractions of postural type.'

During epileptic attacks, arising from a focus in this

area, similar tonic movements occur in which the

whole body participates (357)- Bates (41) found that

stimulation of the medial aspect of the human hemi-

sphere after hemispherectomy will induce movements

of the ipsilateral extremities almost to the same extent

as can be produced voluntarily.

The experiments of Woolsey and his associates

(479-481) have provided a detailed description of

representation of body parts within the supplementary

motor area in the monkey. The face and arin portions

of this area are in part on the free surface of the medial

aspect of the hemisphere, and trunk and leg repre-

sentations lie almost entirely on the dorsal bank of

the sulcus cinguli. The lower face is nearest the rim

of the hemisphere at the rostral end of the corpus

callosum. The upper face, ear, neck and back as far

as the tail are represented sequentially along the deep-

est part of the sulcus cinguli. Finger representations

lie at the edge of the hemisphere at the rostral limit

of the prccentral motor area, while more pro.ximal

parts of the arms are activated from points between

the finger area and the deeper parts of the sulcus

cinguli. Leg points extend back on the upper bank

of the sulcus cinguli with the proximal parts of the

limbs situated rostralK' and the digits caudally.

Unilateral ablation of the supplementary motor

area in man does not produce a permanent impair-

ment of posture or movement (359, 360) but only a

transient and moderate hypertonia (360). Grasp re-

flexes follow unilateral or bilateral involvement (140).

Travis (426) describes in the monkey grasp reflexes

in the contralateral limbs after a unilateral lesion with

moderate hypertonia but no noticeable paresis. Since

after simultaneous bilateral ablation there is a greater

resistance to passive movement and contractures

have been seen (426), "supplementary motor area'

has been defined as a bilaterally functioning entity

concerned with posture and movement (358, 426).

Following bilateral ai)lation, no defect has been seen

in the ability to perform simple and complex prob-

lems despite the difficulties from hypertonus accom-

panying bilateral lesions (188). Hopping and placing

reactions are no longer present after a combined uni-

lateral ablation of the precentral and supplementary

motor areas (427).

There is no agreement as to whether the supple-

mentary motor area acts directly, via fibers descending

in the pyramidal tract, or merely influences the ac-

tivity of other cortical or subcortical centers, or Ijoth.

Movements have been described from stimulation of

the supplementary motor cortex after removal of the

precentral motor area and ahso in man after ablation

of both pre- and postcentral cortex (357). Moreover,

monopolar stimulation with single shocks in the sup-

plementary motor area of the monkey is said to evoke

a response of the pyramidal type (see Chapter

XXXIV in this work by Patton & Amassian) in both

ipsilateral and contralateral corticospinal tract (47).

However, anatomical studies have not disclo.sed any

degeneration of fibers in the spinal cord following

ablation of a large part of the supplementary motor

area, including resection of a point which yielded

movements of the lower limbs (121 ; De\'ito, J. L. &
O. A. Smith, personal communication). Although

these fibers descend in the internal capsule, the ma-
jority terminate in the pontine nuclei. A new series

of experiments in the light of these anatomical findings

has led to the conclusion that responses in the pyrami-

dal tract can no longer be recorded after removal of

area 4, if care is taken to prevent spread of stimulating

current (403). When this possibility is avoided and

area 4 is intact, it is found that the pyramidal tract

responses to supplementary motor area stimulation

have a longer latency than tho.se from direct stimula-

tion of area 4. This and other supporting evidence has

suggested that the activity froin the supplementary

area is relayed through area 4 (403). Indeed, a large

number of association fibers to this area has been ob-

served histologically (121). Additionally, area 6 and

the postcentral g>rus receive fibers from the sup-

plementary motor area of both hemispheres (121).

No projection to this area has been found from the

nucleus ventralis lateralis thalami (14).

On the basis of these data, activation of area 4
through associational fibers, such as those from the

supplementary area, might give rise to quite differ-

ent patterns of mo\ement from those which arise when
the Rolandic motor strip is directly stimulated. It is

obvious, however, that the complexity of motor

patterns, including the homolateral movements ol)-

tained after hemispherectomy (41), must take into

account the involvement of other cortical and sub-

cortical structures which ma\' he implicated on the

basis of anatomical data cited al)o\'e.

Second Somalia Area

Following the demonstration of the existence of a

second sensory area by Adrian (10, 11), several studies

have extended the concept of a somatotopic repre-
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sentation within it (cf. 15, 54, 474). Evidence for the

existence of such an area in man has been found also

(357' 35^)- Some form of sensation, referred to parts

of the lower or upper extremities, was produced by

cortical stimulation in the region located on the su-

perior lip of the lateral sulcus. These sensations fre-

quently took, according to Penfield & Rasmussen

(358), the form of a 'desire' to make a specific move-

ment. From the same general area, stimulation has

yielded both movements and inhibition of inter-

current movements. These results have been frag-

mentary and, according to Penfield & Rasmussen,

the evidence does not yet justify the concept of an

extensive and precise motor representation largely

coincident with the second sensory area. In the mon-

key, however, such a motor representation has been

described in detail by Sugar et al. (414). According to

these authors, the somatic arrangement of motor

points is roughly that of the second sensory cortex,

which lies a little more posteriorly, overlapping this

motor representation. The face region is antero-

superior and extends onto the lateral aspect of the

hemisphere. The foot region lies posteroinferiorly.

The hand region is b\' far the largest and lies between

the other two. With stimuli at 4 per sec. movements

were elicited with distal movements of limb parts

greater than proximal. A separate second motor area,

located posteriorly to the face area, has also been de-

scribed by Garol in the cat (165). Ablation of the

cortex, which in man would include the second

somatic area, was not followed by either sensory or

motor paralysis (358).^ Intracortical connections of

this area, as defined by strychninography (157), do

not tlirow light on its possiljle functions.

Premiitor Cortex (Area 6)

Architectural differences have led to the definition

of the anterior portion of the agranular cortex as

area 6 (cf. 444, 445). Rotation of the head and trunk

to the opposite side, as well as synergic movement of

flexion and extension of contralateral arm and limb,

have been observed in man b\' stimulating area 6

after removal of area 4 (150). Contractions of proxi-

mal muscles of the extremities, as well as synergic

' In a paper by Orbach & Chow (347a), the performance

of the rhesus monkey on six somesthetic discriminations has

been tested after removal of sensory somatic areas I and II

and areas 5 and 7 of Brodmann. Lesions restricted to somatic

area II seemed to be without effect on these tests and do not

exacerbate, even if combined with removal of areas 5 and 7,

the loss which appears after lesion of sensory area I.

movements, have also been seen in the chimpanzee

(201). Intenuption of both pyramidal tracts does not

suppress the motor responses obtained from the

macaque monkey. Those obtained from the anterior

portion of area 6 were described as "flexor synergies

with . . . grasping and deviation of the head and

trunk to the opposite side" (cf. 204). It would appear,

therefore, that mo\ement evoked from area 6 might

be mediated exclusively by extrapyramidal pathways.

However, according to Foerster (150) and Fulton

(161), .some of them take place via the motor area

as indicated by the effects of surgical section between

these two areas. No discontinuity of responses be-

tween area 4 and 6 has been observed, however, by

C:iark & Ward (92) in the unanesthetized monkey.

Changes in autonomic functions, induced by stimula-

tion of this cortical region, are uncertain (232).

Further information will be found in the works of

\arious authors (160, 161, 204, 483) and in Chapter

XXX\' h\ June; & Hassler in this work.

Lesions of the upper part of area 6 cause changes

both of movement and of reflexes in the arm and leg

(373, 374). A soft plastic rigidity appears with both

lengthening and shortening reactions and a powerful

involuntary "sjrasp" reflex. The grasp reflex involves a

slow flexion of the digits in response to contact with

the palmar and plantar surfaces, and fluctuates in

intensit\' with intercurrent visual and auditory stimuli.

This reflex tends to disappear 2 to 3 weeks after a uni-

lateral ablation but reappears in an exaggerated form

following; removal of area 6 in the second hemisphere.

Bilateral resection of area 6 in the monkey is followed

by severe defects in manual dexterit\- and postural

adjustments.

Although a Baljinski sign with extension of the great

toe does not appear after a lesion in area 6 in the mon-

key, lateral desiation of the toes with 'fanning' is ob-

served. Removal of area 6 secondarily to ablation of

area 4 exaggerates these reflex disturbances with tiie

appearance of the full Babinski response and a marked

spastic hemiplegia.

The results of Jacobsen (218) indicate that area 6

plays a role in adaptive motor activities. Unilateral

lesions do not impair fine adaptive movements but

disorganize them as a pattern of response to a specific

situation when assessed by trials with a problem box.

However, recovery by postoperative training is pos-

sible. Some concept of the complexity- of the inter-

relationships between pre- and postcentral motor

areas may be gained from the studies of Welch &
Kennard (472). Following ablation of areas 4 and 6 on

the left side in an immature chimpanzee, a right
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spastic hemiplegia appeared wliich resol\ed gradually

and incompletely in the ensuing 5 years. Area 6 and

part of area 4 were then excised on the right, leading

to a left spastic hemiparesis and a transient accentua-

tion of the paresis and spasticity on the right side. On
sub.sequent ablation of the right postcentral gyrus, all

extremities showed extreme paresis and spasticity

which were more severe and persistent on the right.

Further details are available (80, 204, 232).

Cingulate Gyrus

In view of the complexity attributed to the func-

tions of the limbic cortex, reference should be made to

Chapters LIV to LVIII of this work for a compre-

hensive review of the subject. Only those aspects of

cingulate functions bearing on motor activities, and

particularly those evoked from anterior cingulate

areas, will be considered here.

Anatomical descriptions of the limbic cortex and its

subdivisions in the rat (431), rabbit (377), cat (377)

and primates (446) have been extensively reviewed

(cf. 377) with attention to the phylogenetic aspects of

this problem. Projections to this cortex from the an-

terior nuclei of the thalamus have been described

(379; cf. 377). Corticocortical connections of the

cingulate gyrus are far from completely understood.

Strychnine neuronography has failed to reveal cortical

association fibers to area 24 (294), but anatomical

studies have described connections from the pre-

frontal cortex to the anterior cingulate region both

in man and in monkey (cf. 7). The paracentral lobule

may also have connections with the cingulate gyrus

(240). A cingulate belt, lying along the lip of the

cingulate gyrus and including also most of area 32 of

Brodmann, has been considered to receise afferents

from the 'suppressor strips' (35) and area 24 (123).

Projections from area 24 to some portion of the pre-

central motor cortex, particularly area 6, have also

been described (178, 468). There is evidence for pro-

jections from area 24 to the caudate nucleus {135,

294), anteromedial nucleus of the thalamus (342,

400), septal areas (178) and brain stem (cf. 466), but

the last have not been confirmed (178). Other con-

nections have been described between the cingulate

and other parts of the limbic system (cf. 7), but their

relationship to motor functions may be remote.

Although area 24 of Brodmann has been included

in the so-called 'suppressor areas" (294, 295), the

effects elicited by its stimulation are quite different

from those said to characterize the phenomenon of

'suppression' (see below). Stimulation of cingulate

cortex in acute experiments in the cat and monkey
will alter cortically-induced movements in the direc-

tion of facilitation (224, 401, 469), of inhibition (208,

224, 237, 401, 404) or of facilitation reversing to in-

hibition (401). Anesthesia greatly modifies the ob-

ser\-ed responses (401, 469). Loss of muscle tone and
abolition of deep reflexes also occur (404, 466). These

stimulations produce irregular alterations in cortical

electrical activity, which are not necessarily correlated

with inhil)ition or facilitation of cortically-induced

mo\ement, suggesting that these efTects may arise

through subcortical mechanisms (401). However,

according to Sloan & Kaada (401), some of the

facilitatory eff"ects might be mediated by cortico-

cortical fibers.

In animals with and without anesthesia, gross, slow

movements of tonic type have been observed to follow

stimulation of anterior limbic cortex (198, 224, 225,

237, 466) which may result from 'downstream' influ-

ences at subcortical levels (198). Inhibition of spon-

taneous muscular activity has been seen with chroni-

cally implanted electrodes (401, 469), but these

results are disputed (22, 91 j. Relationships with

cerebellar mechanisms have been discussed (187,

263). Autonomic responses have also been reported,

but these effects are variable and inconstant. This

subject is discussed by Kaada in Chapter L\' of this

work.

Early experimental investigations of the effect of

ablation in the cingulate cortex have been reviewed

by Ward (466) who found no changes in motor

control, deep reflexes, muscle tone or resistance to

manipulation. A review of similar experimental re-

sults by other investigators, both in animals and man,

is also available (343). Permanent involuntary

grasping has been found after combined lesions of

the cingulate gyrus and area 6 (374). Kennard (233)

has described altered placing and hopping responses

after bilateral anterior cingulate ablation. This would

appear an isolated observation of involvement of the

motor system. Kennard suggests that the hypomo-

tility and inertia, said to occur both in monkey and

man after cingulate ablation (cf. 368, 466, 467), may

be regarded as a motor deficit or dyspraxia. The re-

maining aspects of the symptomatology which sug-

gest the participation of the limbic cortex in the

organization of patterns of motor performance in

relation to behavior are discussed by Brady in Chapter

LXIII of this work in connection with the possible

involvement of limbic cortex in emotional functions

(cf. 367, 368).
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Parietal, Occipital and Temporal Cortex

Mo\ements obtained by stimulation of the post-

central gyrus (areas i, 2 and 3) have already been

discussed (see page 801). Stimulation of parietal area

5 also produces mo\ements as first observed in man

bv Bartholow (40). This finding has been confirmed

both for man (149, 151, 439) and monkey (439), but

some authors did not succeed in producing move-

ment from this area (266). According to Dusser de

Barenne et al. ( i 26) movement of limbs is obtained,

when facilitated, from both areas 5 and 7. The con-

tro\-ersy seems to be settled by the comprehensive

studies of Fleming & Crosby (147) and Peele (354).

The first authors established that stimulation of area

5 produces motor responses of the head, trunk and

extremities which are not discrete but often are com-

bined and "resemble patterns of movements such as

running, turning and avoiding movement of a given

posture." These responses to stimulation were ob-

tained also after ablation of both precentral and post-

central gvri in disagreement with other authors (cf.

147). Epileptic attacks can originate from area 5

with convulsive movements of the opposite arm and

face and paresthesia (357).

Small lesions in the sensory cortex (areas 3, 2 and

I) of the macaque have been tested for their effects

on discrimination by palpation, and associated effects

on dexterity and motor power (100). In all cases,

substantial or complete postoperative recovery oc-

curred. Although these lesions were not associated

with inaijililv to make movements, they may have

been accompanied by an initial unawarencss of the

movement made and with the limb then arrested in

an unusual position. In all cases there was a loss of

tactile sensation, with increased reliance on visual

cues. Cole & Glees (100) identified intimate connec-

tions between areas 3, i, 2 and 4 and consider that

these cortical areas form a unit essentially linked with

the thalamus and spinal cord but sending few fibers

into areas either further anteriorly or posteriorly.

Bender (44) has reported changes in sensory adapta-

tion time and after-sensation with lesions in the

parietal lobe. Peele (354) and Fleming & Crosby

(147) have examined the effects of acute and chronic

parietal lobe lesions in monkeys. Removal of area 3,

areas i and 2 and areas 5 and 7 individually, or of

areas i and 2 and 5 to 7 in combination, did not

result in paralysis but produced a loathness to move.

Removal of area 3 or of areas i and 2 affected the

contralateral arm and leg equally. Removal of area

5 affected the leg particularly and of area 7, the arm

particularly. Hypotonia persisted for as long as one

year after operation and was greater in proximal than

distal muscles. Tendon reflexes were permanently

altered by an increase in threshold, a slowness of

execution and an increased excursion. Muscular

atrophy followed ablations of areas i and 2 and 5 to 7.

Peele concluded that the postcentral cortex was

essential for hopping and tactile placing reactions.

Movements of the limb, trunk and face have been

observed following stimulation in the occipital cortex

of primates (149, 211, 262, 439). Penfield & Rasmus-

sen (358) do not mention, however, any motor re-

sponses from this cortical region. According to Brown-

.Scc|uard, confirmed in 1905 by Baer in an elegant

experiment with chronically implanted electrodes,

simultaneous stimulation of the motor area and of

the occipital convolutions of the dog and rabbit leads

to a lowered threshold in the occipital area with weak

currents now producing movements similar to those

obtained from the motor area (cf 27).

Stimulation of the superior temporal gyrus has also

been reported to produce movements of the extrem-

ities, head and trunk, both in monkev- and man (151,

211, 262, 390, 439) even after ablation of the pre-

central motor cortex (484). They are different from

those elicited from the amygdaloid nuclei. The latter

are described in Chapter LMII by Gloor in this

work, while the role of amygdalostriatal interrela-

tionships in motor functions is discussed in a recent

review by Adey (4).

Phenomenon of Suppression

In igiq, \'os!t & \'ogt (43B) reported inhibition

of cortically-induced movements by stimulation of

cortical regions in the frontal lobe. Since then, inhi-

bitorv effects on movement have been reported from

stimulation of widely separated areas on the lateral

surface of the cerebral cortex (194, 250, 375, 419-421,

424). In 1937, Hines defined a strip of cortex between

areas 4 and 6 v\hich yielded inhibition of muscular

contractions of the opposite side of the l)ody (200).

Beginning in 1938, a series of publications on the

effects of strychninization or electrical stimulation of

certain points on the lateral surface monkey cortex

indicated a decrease in the spontaneous cortical

electrical activity, abolition of cortically induced

movements and relaxation of muscular contractions

(129, 130, 132, 134). These points were grouped as

'strips', designated 'suppressor areas' (33, 127), as
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indicated in the maps of Bailey et al. (37). Function-

ally similar areas have been described in the cat (166)

and comparable points noted in the human brain

(168, 190, 347).

The phenomenon of "suppression" was said to begin

several minutes after stimulation, depending upon

the depth of anesthesia and the distance of the stimu-

lated point from the motor cortex, and to persist as

long as 30 min. It was reported to be inconstant and

variable, and could not he elicited again for a con-

siderable period following the first response (cf. 122,

399). The postulated paths in this suppression were

said to involve a corticosubcorticocortical circuit

passing through the caudate nucleus (135). Cortico-

caudate connections were described by strychninog-

raphy^ (131, 169), and corticocaudate fibers (cf.

321-324) were said to arise in the suppressor areas

(176, 307) which, howe\er, were not found by other

authors (240, 433). Experimental findings indicated

also that stimulation of the caudate inhibited corti-

cally-induced moxements (cf. 308) as well as

depressed cortical electrical activity (174).

Much of the data relating to the phenomenon of

'suppression' has been challenged or reinterpreted

(cf 122, 399J with the implication that this phenom-

enon mav not e.xist as a physiological mechanism.

Sloan & Jasper (399) have identified "suppression'

with the phenomenon of spreading depression which

is not restricted to specific cortical areas but is related

to experimental interferences (cf 122, 399).- In their

study, and in that of Druckman (122), the available

e\idences are reviewed with the conclusion that the

notion of 'suppressor areas' should l)C aijandoned.

Moreover, lesions of cortical and subcortical struc-

tures said to be inxohed in suppressor mechanisms

have not produced an increase in muscular tone as

would be expected in the concept of suppression.

These data ha\e been reviewed b\- Myers et al. (343).

In more recent years, however, a region in the

superior temporal gyrus has been described as yielding

phenomena closely resembling suppression both in

man and monkey (152). While these results may

eventually point the way to future research, at present

it is obvious that the lability of cortical motor func-

tions, as exemplified by both the facilitatory and inhibi-

tory actions already discussed, suggests the existence

of cortical areas capable of exercising a broad influ-

ence on the initiation and progression of movement.

- .\ comprehensive rev iew of literature relevant to spreading

depression has appeared (2893).

Such a function appears to be significant in the supple-

mentary motor area, in area 24 and in the orbital

cortex, but other cortical areas may participate, as

suggested in particular ijy the studies of Tower (42 1

)

and Hugelin & Bonvallet (213, 215) discussed below.

It is also interesting that reversal of the response to

cortical stimulation may follow either alteration in

stiinulus parameters or repetition of the stimulus,

although the mechanisms involved in this phenom-

enon are unknown. In this regard, it must be stressed

that interruption or arrest of a given function by

cortical stimulation, as in the arrest of speech or when
a movement cannot he performed by the subject

during the period of cortical stimulation (358), should

not necessarily be considered as proof of the existence

of an antagonistic action. Stimulation could merely

interrupt a patterning of neuronal activity necessary

for the performance of that particular function.

Ablation Interfering with Total Motor Activity

Hypokinesia follows lesions in inferior temporal

cortical areas (261). It is a marked feature of \entral

temporal resections in the baboon which in\olve

mainly the entorhinal area, and partially ablate the

hippocampus, but spare the amygdala on one or both

sides (3). Carey (77) has drawn attention to the

'great loathness to move' in monkeys with lesions in

the globus pallidus extending \entral from it and

involving pathways from the orbital and more

particularly from the temporal region. It may be

relevant that pathways from the entorhinal area also

traverse this region ventral to the globus pallidus in

the marsupial (6). Both arrest of movement and

automatic movements accompanying an amydgalo-

striatal interrelationship ha\e been reviewed recently

by Adey (4). See also CUiapter XXX\' by Jung &
Hassler in this work.

Hyperkinesia, on the other hand, has been reported

following lesions of the posterior orbital cortex in the

primate with an increase in movement rates up to 600

per cent of that prior to operation (161). Certain

aspects of the ceaseless pacing seen in these animals

also accompany bilateral temporal lobectoin\- in the

monkey, and a re-examination of objects handled only

a few minutes previously may he repeated indefinitely

without apparent cognition. These findings suggest

that corticifugal influences from frontal and temporal

areas may play on common subcortical motor mecha-

nisms.
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Motor and Sensory Functions Persisting

After Hemispimectomy

Dandy (no) was the first to perform hemisphcrec-

tomy. This intervention in adults with hemiplegia of

long standing, or in cases of infantile hemiplegia (241 ),

produces no further increase in motor deficit. Cases

published in the literature have been summarized

(180) and a recent monograph in this subject is avail-

able (244). Briefly, when the hemispherectomy is

carried out with the intent of leaving most of the basal

ganglia, thalamus and hippocampus intact, the re-

covery of walking is rapid and some global movements

of the opposite half of the body are present {183). The

improvement in motor performance reported in some

of the cases has been attributed to the reduction of

spasticity which frequently follows hemispherectomy.

The Babinski sign may be present or absent. The

sensory status varies from subject to subject but, while

the gnostic sensibilities are abolished, some gross,

superficial and deep sensations, which usually have a

painful component, are still present.

In the case of more nearly total hemispherectomy,

as the ones performed originally by Dandy (no)

which included the ablation of the head of the caudate

nucleus and probably indirect alteration of vascular

origin in thalamic and subthalamic centers, walking

movements were never possible. Impairment of motor

functions following hemidecortication were discus.sed

by Walker & Fulton (459) in relation to the phyletic

aspect of the problem. Other clinical and experimen-

tal findings will be found in the monograph cited.

MAJOR AFFERENTS TO CORTICAL AREAS CONCERNED

IN SENSORIMOTOR INTEGRATION

Tlmlamic Afferents

The studies of Minkowski (320, 321-324) appear to

have been the first experimental attempt at a syste-

matic analysis of the connections of cortical precentral

and postcentral areas which are involved in sensori-

motor activities. Numerous studies have been pub-

lished both before and since that time dealing with

thalamic afferents to the sensorimotor cortex in the

rat (94, 461), rabbit (173, 376, 411) and primates,

including man (14, 90, 93, 103-105, 364, 393, 453-

455). It is now well-estab'ished that the precentral

areas 4 and 6 receive fibers from the ventrolateral

nuclear groups of the thalamus (cf. 90, 378, 418, 457)

which increase in size at higher levels in the phyletic

scale concurrentlv with the increased size of cerebellar

hemispheres in higher mammals (393). The number

of fibers reaching area 6 from the thalamus increases

rapidly in higher primates (cf. 458). Clertain topo-

graphic patterns of distribution in areas 4 and 6 have

been described for these fibers in relation to the posi-

tion of their cell bodies in the thalamic nuclei (cf. 90,

455. 458)- Thalamocortical connections to parietal

areas 5 and 7 originate from the nucleus lateralis

posterior of the thalamus (90, 96, 353J.

In the rat, an overlap exists between the excitable

cortex and the cortical area receiving projection

fibers from thalamic nuclei relaying sensory informa-

tion (186, 252). The problem of the existence of

sensory projections to the precentral cortex ot pri-

mates must also be considered (104, 105, 136; cf. 458);

it is di-scussed in Chapter XVII by Rose & Mount-

castle in this work. There is no general agreement that

cutaneous sensibilities are confined to the postcentral

gyrus, as has been suggested (290, 478), since potentials

have been recorded in the precentral cortex from

stimulation of either muscular or cutaneous nerves

after postcental ablation (287, 387). Stimulation of

dorsal roots was alread\- known to produce responses

in the motor cortex (476), but they had ijeen tenta-

tively interpreted as carrying proprioceptive intorma-

tion (474). In man, sensations persist on stimulation

of the precentral gyrus after postcentral resection (357,

358) and frequently involve a 'desire to move.'

The mapping in the cortex of responses from deep

somatic stimulation has given conflicting results. Some

authors consider that kinesthetic sensibility is exclu-

sively represented in the postcentral gyrus and is

based on proprioceptive afferents from joint and

fascial receptors rather than from muscular aflferents

(337, 338). According to other authors, deep sensi-

bility may be largely represented in precentral motor

cortex (5, 8). Overlapping representations of widely

separated peripheral points were found, with the

same basic arrangement of major body parts, similar

to that seen in the tactile representation (5). The

proprioceptive nature of impulses capable of evoking

responses in the somatosensory cortex of the cat (54,

313) has also been demonstrated (21). Responses

evoked in the motor cortex ijy stimulation of muscle

nerves are not abolished In- remo\al of the cerebellum

(387)-

A progressi\-e corticalization ot the function ol

weight discrimination has been observed (383, 385,

386). The elaboration of this type of perception,

which would seem to require the participation of

proprioceptive sensiliilities, involves the cortex of the

parietal lobe. Damage to any portion of the parietal
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cortex results in a small but definite impairment in

this function in man. However, the essential participa-

tion of motor mechanisms cannot be excluded by

these studies. It would appear that any motor deficit

would interfere with the performance of the essential

observations necessary to such an anaylsis.

Efferent fibers from the cortex duplicate the thala-

mocortical ones in many areas and terminate largely,

but not exclusively, in the same thalamic nuclei (364,

447; cf. 240, 353). Physiological data (125, 133, 342,

346), as well as recent anatomical studies concerning

areas 4 and 6 (240) and the parietal lobe (cf. 239,

353), are available. Numerous investigators have

advanced hypotheses concerning the functional role

of these fibers, called by Ramon y Cajal (371) 'de

I'attention expectante.' Reference should be made to

the work of Peele (353) in which these ideas are

reviewed. They tend to attribute to these fibers a

role in the processes of attention by regulating inputs

to the cortex. This problem will Ije discussed further

below.

Slri(ijiaUid()tlwla7iiocnrtical Interrelationships

An important role in cortical motor regulation has

been attributed (71, 72) to indirect afferents to the

precentral motor cortex from the globus pallidus

via the ventrolateral nuclei of the thalamus. De-

scending cortical influences to the pallidum may be

direct or may pass through the caudate nucleus.

These topics and the effects of interruption of certain

corticosubcorticocortical circuits in the production of

abnormal movement are discussed in Chapter XXXV
by Jung & Hassler.

The pallidum is said to recei\c cerebellar afferents

directly \ia the brachium conjuncti\um (82) and

indirectly via the red nucleus (78), in addition to the

afferents from the putamen and caudate nucleus

(cf. 306, 350, 372). The caudate nucleus in turn may
be activated not only by cortical but also by thalamic

afferents. Afferent fibers to the caudate nucleus from

the so-called 'diffuse projection system' of the thalamus

(discussed by Jasper in Chapter LIII of this work)

have been described (102, 366), but their existence

has been disputed (344). Anatomical and physio-

logical data concerned with this problem have been

reviewed (410) with evidence for the existence of

thalamostriatal connections.

Changes in the electrical activity of thalamic nuclei

and of the cerebral cortex have been observed during

stimulation of the caudate nucleus (195, 412, 434),

although some of these findings are still disputed

(213). Since the existence of caudate-cortical connec-

tions is uncertain (309, 370, 412), it has been sug-

gested (412, 434) that the changes in cortical activity

from caudate stimulation take place via the pallidum

and thalamic and subthalamic nuclei through path-

ways including the ansa lenticularis (cf 306, 350,

372). These studies, however, do not shed any light

on the essential problem of the role of the striatum in

cortical motor mechanisms. Striatal effects are cer-

tainly capable of influencing 'motor' activities at

lower levels of the central nervous system as indicated

by the findings reviewed in Chapter XXXV by

Jung & Hassler in which the functions of the basal

ganglia, as gleaned from experiments of stimulation

and lesions of different nuclei, are discussed.

Cerebellocerehral Interrelationships

For a complete account of cerebral and cerebellar

interactions concerned with phasic and tonic inuscu-

lar activity, reference should be made to the chapters

by Brookhart, French, Jung & Hassler and Eldred

in this work.^

No specific role can as yet be assigned to the cere-

bellothalamic (82, 83, 104, 105) and rubrothalamic

(78, 447) streams of afferent volleys which relay in

the cerebellar nuclei and pass to the cortex via the

ventrolateral nucleus of the thalamus (cf. 457). Facili-

tatory (331, 332, 380) and inhibitory (332, 333)
influences on cortically-evoked muscular activities

have been disclosed by stimulation of neocerebellar

and paleocerebellar cortex (see Chapter LI by

Brookhart in this work), but it has not yet been estab-

lished whether these actions are mediated through the

pathways outlined above, or whether they occur exclu-

sively through spinal mechanisms (334). Some of the

evidence, however, would suggest that the cortex is the

place at which facilitation, at least, can occur (334).

An increase in the electrical activity of the motor

cortex has been described during stimulation of the

neocerebellum (456), but interpretation of these data

seems difficult. In fact, stimulation of the nucleus

\entralis lateralis produces varying effects on the

activity of different neurons in the motor cortex

(267, 268). Pyramidal cells which send their axons

into the pyrainidal tract may be excited. Howev-er,

their activity may be reduced by reason of lessened

excitation from cortical interneurons. The firing of

these interneurons is indeed abolished by stimulation

^ \ comprehensi\'c study has been published by Dow &
Moruzzi (i2ia).
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of the nucleus ventralis lateralis through an action

which has been interpreted as inhibitory in nature.

On the other hand, inhibition of cortically-induced

movements has been reported from simultaneous

stimulation of the motor cortex and the nucleus

ventralis lateralis (26). This action, however, is not

mediated at the cortical level.

The evidence cited concerning the behavior of

cortical units following stimulation of the nucleus

ventralis lateralis thalami may support the hypothesis

of the coexistence at the cortical level of a damping

cerebellar influence as well as an independent effect

of a facilitatory nature. The same paleocerebellar

stimulation produces opposite effects on motor

responses depending on the background of activity

artificially induced in the motor cortex as with strych-

nine (332). There remains the basic difficulty of

ascribing these influences to actions exerted partially,

at least, at the cortical level.

The question as to whether cerebellar impufses

reaching the cortex after relaying in the thalamus

may convey some particular sensory attribute is in no

way solved by the experiments discussed above. Since

weight discrimination is permanently lost in the

monkey only if, in addition to the medial leminiscus,

the dentatorubrothalamic tract is also interrupted,

whereas section of either alone does not produce

permanent deficit (398), it might be inferred that

these impulses may carry information of a precise

sensory modality. Yet, cerebellar influences seem

capable of modifying evoked potentials in the sensory

cortex which probably provide the background for

an appropriate motor behavior. It has been found

that acoustic (406), as well as somatosensory and

visual (Snider & Sato, personal communication)

evoked potentials in the cortex, are greatly modified

by a preceding cerebellar volley.

The cerebellocerebral connections are paralleled

by the corticopontocerebellar paths (see 219; Chap-

ter LI by Brookhart). Just as cerebellocerebral paths

are not limited in their projections to motor areas

but involve sensory cortex as well, so also descending

pontocerebellar paths arise widely in the cortex out-

side the motor areas. The functional role of these very

powerful streams remains largely unknown. It has

been suggested that those which arise from the

parietal lobe, at least, may be involved in the regula-

tion of sensory inputs (354); but in the ab.sence ot

experimental evidence, other hypotheses cannot be

discarded. Thus, Ruch (384) considers that the role

of the cerebellum in movement is to compare the

action initiated at the cortical le\-el with the imaiie of

the resulting motor performance transmitted to the

cerebellum for the periphery. From this comparison,

the cerebellum would initiate appropriate corrections

to minimize discrepancies.

The experiments of Fulton and his colleagues (24,

163) bear directly on the problem of reciprocal cere-

bral-cerebellar interconnections in relation to move-

ment. The tremor of decerebellated cats was abolished

by decortication, and in the baboon and macaque

by resection of areas 4 and 6. The ablation of area 6

alone increased the tremor. If the fact that voluntary

movements are reduced in range and quality by

cortical resection alone is neglected, the tremor, which

is related to 'voluntary' movements, and which can

be taken as a sign of disorganized function, is abol-

ished by suppressing this function. Even if there is no

doubt that the corticocerebellar interrelationships

provide the basis of an exceedingly important regu-

latory system (405), the problem seems, however, to

be of a greater complexity. Combined cerebellar and

corticomotor ablations produce greater deficits than

would be expected from summation of the effects of

the two ablations performed separately, according

to the observations of Luciani (280) confirmed by

Carrea & Mettler (81). In addition, the importance

of other systems has also been suggested by the finding

that lesions of the contralateral ansa lenticularis

greatly reduce the cerebellar tremor and ataxia fol-

lowing cerebellar cortical and nuclear lesions (79).

These disturbances have been tentatively interpreted

as at least partially due to intact outflows from the

globus pallidus.

Intra- and Interareal Connections of

Ipsilateral Hemisphere

The functional role of intrahemispheric connec-

tions is far from clear. This problem is not exclusively

confined to the so-called intercortical and intra-

cortical association fibers. It is also a matter of the

size of the cortical field and the nature of the influ-

ences which may be exerted both by the numerous

recurrent axon collaterals of cortical cells and by the

horizontal cells in the first layer (371). Relevant to

the same problem are also the questions of the recep-

tive field of the individual cortical neuron, as may be

indicated bv the size of its dendritic arborization,

and the extent of the field of distribution of each

afferent fiber to a number of adjacent neurons (cf.

396). Studies relevant to these problems in normal

and isolated cortex are discussed in the recent l)ook

by Burns (74).
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We will consider here only intracortical and inter-

cortical connections. Studies with local strychniniza-

tion (131, 295) have brought only limited knowledge.

Significant difficulties beset this method (99, 155,

299). Onlv the anatomical investigations appear to

fulfill the essential criteria of accuracy, but even here

discrepancies arise.

Area 4 is extensively connected within itself (cf.

240, 321-324) and also receives abundant fibers froixi

postcentral areas i, 2 and 3 (240, 307, 321-324, 353J,

as well as from area 5 and 7 (cf. 353). The supple-

mentary motor area also sends fibers to area 4 ( 121 ).

Connections seem to e.xist between the paracentral

lobule and the cingulate cortex (240). In turn, area 4

projects to area 6 and to more rostral regions (cf. 321-

324) as well as to the parietal con\olutions 5 and 7

(353). Numerous association fibers go to the post-

central gyrus (298; cf. 240, 321-324) and form with

those running in the opposite direction a large U-

shapcd bundle (438, 440). In addition to intra-areal

connections (240), area 6 receives fibers from area 4

and also from temporal (302, 468) and parietal areas

(314, 353). Other connections to area 6 have been

described with strychninography (468). Area 6 sends

fibers to the postcentral and parietal areas (321-324)

as well as to area 4 (240, 307).

There are extensive connections within the parietal

areas including those between i, 2, 3, 5 and 7, with

area 3 sending fibers to area 5, and areas i and 2 to

area 7 (301, 314, 321-324, 353). In turn, area 5

projects to area 2 to a greater extent than to areas

3 and I . Areas 5 and 7 are abundantly interconnected,

and area 7 sends fibers to i and 2. Fibers froin parietal

areas have been described as reaching the superior

temporal gyrus and the occipital lobe (353)- Histo-

logical and strychninography studies, .giving a more

detailed description of the connections of precentral

and postcentral areas and their subdivisions, may be

consulted (36, 37, 135, 23B, 239, 294, 295, 300, 415).

Calloiol Interhemispheric Connections

Precentral and postcentral motor and sensory cor-

tex receive through the corpus callosum numerous

fibers from the cortex of the opposite hemisphere.

This commissure, mainly concerned in cortical inter-

hemispheric connections, is seen only in placental

mammals and not in the monotreines or marsupials.

In the latter, however, motor and sensory cortical

areas are closely interconnected through the un-

usually large anterior commissure (Adey, VV. R.,

unpublished observations).

Most authors agree that callosal fibers arise from

small and medium-sized pyramidal cells, the majority

of which are located in the fifth and sixth layers.

Callosal fibers terminate in fine filaments in the super-

ficial layers of the corte.x, mostly superficial to layer 4

(cf. 58 for references). The existence (435-436) of an

increased number of terminal arborizations at the

cortical level at which the large pyramidal neurons

are located is disputed (86), but physiologicallv there

is clear exidence that callosal \'olleys will activate

neurons which send their axons into the pyramidal

tract (175). (See also Chapter XXXI\' b\- Patton &
Ama.ssian in this work.) Electrical stimulation (87,

107, 108, 260, 352; cf. 55, 58) or strychninization

(34, 167, 181; cf. 55, 58) of restricted points on the

cortex of one hemisphere results in contralateral

cortical responses which are usually maximal in the

homotopic point but may also be distributed in a

heterotopic fashion. These investigations show

inequalities in the density of callosal connections

between homologous areas. In the Rolandic motor

area, face, neck and trunk subdivisions have a dense

callosal interconnection (34, 108, 167). These areas

are involved in motor functions usually requiring

synergism between the two sides of the body. These

findings contrast sharply with the arrangement in leg

and arm areas where no callosal fibers are present.

While these data are in agreement with anatomical

observations (239, 240), in other aspects discrepancies

exist. Histological data may be regarded as more

reliable. Numerous callosal fibers were found by

Minkowski (321-324) and confirmed by Milch (314)

and Peele (353) interconnecting the pre- and post-

central gyri of the two hemispheres but have not been

seen by Krieg (240). Extensive connections between

area 6 in the two hemispheres have been described

(240, 307). In the human brain many callosal fibers

emanate from area 6 (319). Connections between

area 5 and contralateral areas 5, 3, i and 2 have

been described, and also a few with 4 (239, 314, 353).

Peele (353) has observed projections from area 7 to

contralateral areas 7, 5, 2 and i in decreasing order

of significance.

The study of the functions of these callosal inter-

connections probably began in 1879 with Brown-

Sequard (6g). Bremer et al. (58) have reviewed the

literature in this field. In 1939 Moruzzi demonstrated

in the rabbit that subliminal stimulation of the corti-

cal area from which masticatory movements can be

obtained reduces the threshold of the homologous

area of the opposite hemisphere to electrical stimula-

tion (330). In the cat, a sustained facilitation of the
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potential evoked in the acoustic area by a sensory

volley has been observed as a consecjuencc of callosal

inputs (cf. 55). This phenomenon is found in the

encephale isole cat but not in anesthetized animals

(87). All synchronous volleys reaching a given sensory

cortical area in one hemisphere produce a response in

the homologous area of the opposite hemisphere, and

the impulses responsible for this response have been

shown to cross through callosal fibers (60).

Despite all the evidence indicating an important

exchange of messages between the cortex of the two

hemispheres through the corpus callosum, no infor-

mation as to the function of these connections has

been gleaned from transecting it surgicallv. In the

cat, dog and monkey, no changes in the spontaneous

behavior of the animal, nor deficits in sensory or

motor functions, seem to occur as a result of section

of the corpus callosum in the absence of intercurrent

cortical damage (cf. 58 for references). This factor

may well account for gross functional changes seen

by early workers after callosal section, as discussed by

Bremer et al. (58). Minor changes, as observed by

other authors, following this procedure (234), re-

semble in many respects the effects of cingulate corti-

cal resection as described by Kennard (233).

In man, agenesis of the corpus callosum is not

characterized by any demonstrable deficits in the

execution of movements or sensory perception (cf. 58

for references), although no substitution would seem

possiljle for callosal functions. In primates, other

interhemispheric commissures are not concerned in

corticocortical relationships with the exception of

certain portions of the anterior commissure (34, 296).

Surgical .section of the corpus callosum in human
subjects is rarely followed by any deficits, provided

hemispheric lesions are absent (13). Since, however,

a temporary motor dyspraxia can occur if motor or

sensory deficits were present preoperatively, the

hypothesis has been advanced that the corpus callo-

sum can mediate a facilitating function in fine move-

ments (402). The transient nature of these disturb-

ances would not appear to be inconsistent with this

hypothesis since compensation may occur on the

basis of ipsilateral mechanisms. Indeed, it is clear that

motor apraxia cannot be attributed to callosal

lesions alone (cf. 58).

A complete and critical account of the anatomy,

physiology and pathology of callosal functions has

been provided by Bremer et al. (58). The transfer of

memory traces between the two hemispheres through

the corpus callosum is discussed in Chapter LXI of

this work by Galambos & Morgan.

M.\JOR EFFERENTS FROM CORTIC-^L ARE.^S

CONCERNED IN SENSORIMOTOR INTEGRATION

Despite the difficulties which may attend attempts

to categorize cortical efferent motor pathwavs, with

the inevitable aspects of inadequacy entailed in rigid

schemes of descending connections, the problem of

the.se efferent pathways, depicted in figure 5, may be

discussed from two major points of view. There is,

first, the consideration of the cortical origin of fibers

forming the pyramidal tract, with particular reference

to the contriijutions to this tract from areas outside

the precentral strip, and including regions of the

parietal, temporal and occipital lobes. A corollary

to such a study is the assessment of the extent of the

distriljution of fibers arising in the cortex and running

at least part of their course through the internal cap-

sule and basis pedunculi in company with cortico-

spinal fillers but terminating in mesencephalic, pon-

tine and medullary areas which form part of the

reticular formation. These fibers may ultimately

exercise a controlling influence on spinal motor

centers through reticulospinal pathways.

The second category of cortical efferent pathways

includes those fibers which form an 'extrapyramidal'

system, and which nm a subcortical course through

the basal ganglia and diencephalic areas to reach the

reticular zones of the brain stem. These pathways are

presumed to be multisvnaptic in many instances.

It is obvious that such a subdi\ision is in large

measure artificial since the pyramidal tract has many
fibers which terminate in brain-stem reticular areas

and, thus, exercise their spinal influence through

"extrapyramidal" pathways (303). These profound

extrapyramidal influences are fully descriljed in

Chapter XXX\' by Jung cS: Hassler in this work,

and attention will therefore be directed here primarily

to the origins and supraspinal distribution of the

pyramidal tracts. The long descending tracts in man
have been extensively reviewed by Nathan & Smith

(345) with a discussion of the earlier literature. Lassek

(258) has summarized our knowledge of the pyramidal

tract, and aspects of its termination have been re-

viewed by Bernhard (46). The pyramidal tract is the

subject of Chapter XXXI\" of this work by Patton &
Amassian.

Cortical Origin of Fil>ers of

Pyramidal Tract

In 1874 Betz (48) described the giant cells in the

precentral gyrus which bear his name. Since, how-
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ever, they number only 25,000 in each hemisphere,

and since there are approximately one million fibers

in the human pyramidal tract in the upper medulla,

many of these fibers take origin in other cells, von

Monakow (450) pointed out that these cells could not

be the only source of pyramidal fibers since very few

Betz cells occur in the main face and arm motor

strips. This view was supported by Mettler's (304)

finding that progressive impairment of movement,

rather than progressive paralysis, follows removal of

increasing portions of one hemisphere in the monkey.

EXTENT OF FRONTAL LOBE CONTRIBUTIONS TO PYRAM-

IDAL TRACT. On the basis of regeneration studies,

Flechsig (146) concluded that the greater part of the

pyramidal tract in man comes from the precentral

gyrus. Degeneration is severe when the lesion involves

the upper and middle thirds of this gyrus and the para-

central lobule; but after lesions affecting the lower

third, the number of degenerating fibers in the pyra-

mid is so small that usually a distinct area of degen-

eration cannot be found in the pyramids. Mettler

(305) removed area 4 in the macaque and found that

the myelinated fibers in the medullary pyramid were

completely degenerated. Lassek (256) found in the

macaque that extirpation of area 4 causes degenera-

tion of one-third of the pyramidal fibers just rostral

to the decussation and that these are the largest

fibers.

The extent to which the premotor cortex, lying

anterior to the precentral gyrus, contributes to the

pyramidal tract is still debated. Bilateral excision

of area 6 in a human patient with parkinsonism leads

to degenerating axons in the pyramidal tract (319).

Minkowski (321-324) traced degenerating fibers in

the pvramidal tract of the macaque down to the

lumbar segments, following lesions in that part oi

the frontal lobe lying immediately anterior to the

precentral gyrus. Both Hoff (209) and Kennard

(229) reported that in the monkey, fibers arising in

area 6 could be traced in the pyramidal tract as far

as the second sacral segment, and Kennard found

that they were intermingled with those from area 4

at all levels of the tract. Both these workers found

fibers from area 6 running bilaterally in the lateral

pyramidal tract. Levin (264) and Levin & Bradford

(265) criticized these findings on the basis that the

degeneration observed by Kennard and Hofl" arose

from incidental damage to area 4. Verhaart &
Kennard (433) subsequently repeated these experi-

ments with more limited lesions in area 6 and noted

a much reduced degree of degeneration in the pyr-

amid. There is general agreement that in the monkey

no region rostral to area 6 contributes to the pyram-

idal tract (229, 307).

Dejerine (114) concluded that the frontopontine

bundle joined the corticospinal tract somewhere

between the peduncle and the lower pons. This

opinion was supported by Verhaart (432) from a

study of two gibbons which indicated that some

small fibers running with the frontopontine tract

leave this tract in the pons and continue caudally

with the corticospinal tract. However, Meyer et al.

(310) and Beck (42) have found no evidence that

Arnold's bundle, which is formed of fibers originating

from granular frontal cortex, excluding area 8,

sends significant nunii)ers of fibers into the cortico-

spinal tract.

CONTRIBUTION OF POSTCENTRAL CORTEX TO PYRAMIDAL

TRACT. Melius in 1894 removed a small part of the

postcentral thumb area in the monkey and observed

degenerating fibers bilaterally in the pyramidal

tract (297). On the basis of both animal studies

and human pathological material, von Monakow

(450) concluded that a small part of the pyramidal

tract arises in the parietal lobe. Extensive subcortical

connections from areas 5 and 7 were seen by CHark &
Boggon (96) and Mettler (301), including fibers

running into the peduncle, pons and pretectal region,

and into or through the nucleus ventralis postero-

lateralis, in a monkey which also had some injury

to areas 18 and 19. Biemond (49), Sakuma (389)

and Uesugi (429) described similar projections in

the macaque, including ipsilateral and contralateral

projections into the pyramidal tracts. Sunderland

(416) traced a large parietal component through the

lateral half of the cerebral peduncle into the pontine

gray where most of the fibers terminated but some

entered the medullary pyramid.

Peele (353) has provided an extensive review of the

parietal contributions to the pyramidal tract in the

monkey. In addition to a parietospinal component,

all parietal areas send fibers to the thalamic nuclei,

including ventralis posterolateralis and medialis.

Fibers from rostral parietal areas terminate rostrally

in the nuclei. All parietal areas send fibers to pontine

nuclei of the same side, and all areas send fibers

through the pyramid to the spinal cord, hi the cord

these fibers run in the lateral pyramidal tracts of

both sides, the majority running contralaterally.

Peele concluded that the parietospinal fibers arise

from cells located in the external and internal pyram-

idal laminae, whereas parietothalamic fibers arise
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in the fusiform layer. In Peele's view, this parietal

projection system may form a mechanism for sensiti-

zation of sensory neurons. Confirmatory evidence of

the existence of parietospinal projections in the

monkey comes from the finding of Levin & Bradford

(265) that degeneration of cells in areas 3, i, 2 and

5 follows hemisection of the cord at the fourth cervical

segment.

By contrast with tliese findings in the primate,

Chambers & Liu (85) found no evidence in the cat

for an origin of the pyramidal tract from parietal

areas, nor from occipital and temporal areas. They

concluded that it arises only in the sigmoid, coronal

and anterior ectosylvian gyri.

EVIDENCE CONCERNING PYRAMIDAL TRACT FIBERS

ARISING IN TEMPORAL AND OCCIPITAL LOBES. Ap-

proximately one-third of the fibers of the pyramidal

tract remain after complete frontal lobotomy in the

monkey. All are fine fibers and all are of cortical

origin (257). Many of the remainder may take origin

in the parietal lobe, but some at least may arise in

temporal and occipital areas. Evidence for a temporal

and occipital origin for these fibers is scanty. Walberg

6 Brodal (452), using the Glees method of silver

impregnation in the cat, have traced degenerating

fiijers via the internal capsule, cerebral peduncle,

longitudinal bundles of the pons and medullary

pyramid to the lumbar le\el of the cord. .Some of

these fibers passed via the corpus callosum to the

contralateral internal capsule to descend in the

contralateral cerebral peduncle and pyramid. Many
of these fibers crossed in the pyramidal decussation

to descend in the opposite lateral corticospinal tract,

but the ipsilateral lateral corticospinal tract and both

ventral corticospinal tracts all sliowed degenerating

fiijcrs.

While the precise extent to which cortical regions

outside the precentral motor area contribute to the

pyramidal tract appears to vary in different species,

and confirmatory evidence is required concerning

the contributions from such regions as the temporal

and occipital lobes, there is no evidence that any of

the fibers of the tract have a subcortical origin (257,

265).

Descending Connections of Pxramidal System

While the spinal connections of the pyramidal

tract are described in detail in Chapter XXXI\" by

Patton & Amassian in this work, attention may be

directed here to those pvramidal connections which

may be particularly concerned in sensorimotor in-

tegration.

EFFECTS OF STIMULATION AND SECTION OF CEREBRAL

PEDUNCLE. Section of the peduncle has attracted

attention as a means of relieving involuntary move-

ment (cf 259). Stimulation with a 60 cycle sine wave

current gives rise to movement in the human only

from the intermediate portions of the peduncle,

with movements of the lower limb evoked from more

lateral zones than for the upper limb. Section of the

peduncle to a depth of 7 mm (probably involving the

substantia nigra) in the lateral half to four-fifths

produced only a transient weakness disappearing in a

few months in many cases. The relatively small

amount of paresis seen from such a section may be

due to the cut not involving the anticipated portions

of the peduncle by reason of the small size of the

peduncle in the.se cases or by the displacement of

an abnormal peduncle. Where excitation rostral

to the cut was continued during sectioning until

movements were practically abolished, the ensuing

hemiparesis was then usually moderate and long-

lasting (cf. 259). It is suggested from these results

that damage to these fibers at their cortical origin

gives rise to much more severe and lasting paresis

than interruption of the fibers at any other point in

their course. This may be explained in terms of

'pyratnidal' and "extrapyramidal" cells in the cortex

being capable of excitation of spinal motor units via

other pathways. The lack of paresis seen here following

lesions of the pyramidal tract does not support the

notion of a precise somatotopic cortical representa-

tion. There is some evidence of somatotopic locali-

zation in the internal capsule, cerebral peduncle and

pons of the monkey and rat, but the overlap is con-

siderable and increases from above downwards (39).

In similar studies of the effect of section of the basis

pedunculi in inonke\s (76), the paralysis was inter-

mediate between a spastic and a liypotonic paresis,

and was characterized Idv a hypotonicity of all

mu.scle groups excepting the extensors of the digits,

by hyperactive deep reflexes and by absence of clonus.

It is assumed from these results that inhibitory path-

ways descending from the cereljral corte.x do not

course exclusi\ely within the basis pedunculi. The

majority of the fibers, the interruption of which leads

to hypertonicity, and also those mediating clonus

would appear to have deviated from the corticospinal

projection prior to reaching the cerebral peduncle.

Those, the interruption of which leads to hyper-

reflexia, accompany the corticospinal projection
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through the cerebral peduncle but deviate before

reaching the pyramids.

EFFECT OF SECTION OF MEDULLARY PYRAMID. Section

of the medullary pyramid of monkeys and chim-

panzees is followed by a flaccid paralysis, and the

muscles show conspicuous atrophy from disuse (289,

422, 423). Tower (422, 423) has interpreted these

results as attributable to a deficient function, rather

than to a release phenomenon, and concludes that

there is no evidence of an inhibitory action by the

pyramidal system. Walshe (463) does not accept this

conclusion, contending that the prominent Babinski

response following pyramidal section in the chim-

panzee should be regarded as a release phenomenon.

Denny-Brown (117) characterizes Tower"s findings

on pyramidal section as "the final blow to the clinical

conception of disorder of the pyramidal system,"

but Walshe considers this premature.

TERMINATION OF PYRAMIDAL TRACT FIBERS IN MEDULLA.

It has long been known that the fiber content of the

pyramid at the lower end of the medulla is signifi-

cantly less than at the upper end. Some of these

fibers may end in relation to neurons of the reticular

systems of the central zones of the medulla, but there

is evidence that many terminate more dorsally

among the neurons of sensory nuclei and may, thus,

participate more directly in modulating the sensory

influx essential to motor mechanisms (85, 243).

These investigations have indicated that following

various lesions in the cat, including hemidecortication,

frontal decortication and selective lesions of either

leg, arm or face areas of the motor cortex, degen-

erating recurrent as well as transtegmental fibers can

be traced from the p\ramidal tract to the region

along the ventral aspect and into the hilus of the

cuneate and gracile nuclei. Other fibers can be traced

to the medial part of the spinal trigeminal nucleus

and adjoining lateral parts of the tegmentum. This

cortical projection to the rostral part of the spinal

trigeminal nucleus and its vicinity originates mainly

in the face area, whereas the projections to the cuneate

and gracile nuclei have their main origin in the fore-

limbs and hind-limbs areas, respectively.

The question of the presence of ascending fibers

in the pyramid requires confirmation (cf. Chapter

XXXIV by Patton & Amassian in this work), but

suggestive evidence has been obtained in the cat by

Brodal & Walberg (62) who concluded that they

arise in the spinal cord and also in the cuneate and

gracile nuclei. Nathan & Smith (345) have described

ascending fibers in the pyramid after lateral spinal

tractotomy in man, and these fillers were traced

thnniijh the pxraniidal decussation into the pons,

cerebral peduncle and internal capsule. Phvsiological

esidence concerning ascending fibers in the pyramid

is inconclusi\e.

EFFECTS OF CEREBR.-kL LESIONS IN INFANCY ON RESIDUAL

p\'RAMiDAL FUNCTIONS. Ipsilateral control in infantile

hemiplegics is often associated with hypertrophy of

the ipsilateral pyramidal tract, von Monakow (447)

described a compensatory hypertrophy of one cortico-

spinal tract following degeneration of the other in

infancy. Reports of similar findings may be seen in

the older literature (84, 115, 286). This liypertrophy

of the remaining pyramid may double its \olume and

is then associated with a large uncrossed lateral and

%entral corticospinal tract from the healthy hem-

isphere. Verhaart (432) believes that this is not due

to an increased number of fibers but simply to an

abnormal number of thick fibers with a diameter

greater than 3 ju, whereas the number of smaller

fibers is within normal limits.

SENSORIMOTOR INTEGRATION IN PERFORMANCE

OF MOTOR .ACTIVITIES

Reflex acti\ation of pyramidal neurons by im-

pulses reaching the cortex along afferent pathways

has been seen in a variety of experimental conditions.

Stimulation of relay or diffusely projecting thalamic

relay nuclei (23, 65, 351 ), as well as peripheral somatic

(12, 25), visual (25, 460) and acoustic (25) stimulation,

has been shown to induce changes in the excitability

of the motor area, or to produce a discharge in the

pyramidal tract. Amantea (19, 20) found that fol-

lowing strvchninization of the motor representation

of one limb, stimulation of the skin of the same limb

intensified the clonus produced by the strychnine

until ultimately a generalized seizure might follow.

A seizure can also be induced by strychninization of

cortical sensory projection areas and stimulation of

the corresponding receptor organs, as shown by

Clementi for the visual (98) and acoustic (97) areas.

The cortical origin of the motor activities in both

Amantea's and dementi's experiments is proved

by the fact that ablation of the motor cortex prevents

the appearance of the epileptic attack (50, 159)-

An electrophvsiological analysis of dementi's photic

epilepsy (417) has led to the conclusion that interareal

connections are inxolved in the spread to the motor
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cortex of the convulsixe activity without, however,

excluding the probable participation of subcortical

Structures (cf. 335), as occurs in photic epilepsy

induced with pentylenetetrazol (170).

Somatosensory (5, 8, 287, 387) and also visual and

auditory (142) responses, often with characteristics

diflferent from those recorded in the respective areas

of specific projections, have been observed in records

from the motor area (cf. 15, 55). The data referring

to the activity of single units within the motor and

somatosensory cortex ha\e been presented in Chapter

XV'II by Rose & Mountcastle and in Chapter

XXXIV by Patton & Amassian in this work. We
shall, therefore, confine ourseKes to a few aspects of

this problem. Li (personal communication) has ob-

ser\ed that the firing of pyramidal neurons within

the motor area mav be influenced in various degrees

by sensory \olleys initiated in skin nerves. Activation

of these pyramidal neurons can sometimes occur as a

consequence of the synchronous sensory volley.

Moreover, cortical stimulation may produce a

sustained depolarization of pyramidal neurons, as

shown in the intracellular records of Phillips (361-

362). This observation may indicate that the ex-

citability of these neurons is largely determined by a

background synaptic impingement frorn other cortical

cells. Many of the units studied by Li within the motor

cortex, which could not be classified as pyramidal

neurons on the basis of antidromic stimulation of

the pyramidal tract, have shown either an increase

or a decrease of their previous acti\it\' as a con-

sequence of the sensory volley.

From these observations it may be concluded that

sensory afferents initiate within the sensorimotor

cortex changes in unit activity which in turn may
influence the motor output. However, no recon-

struction of the processes of integration on the basis

of studies of single unit discharges is as yet possible.

Also relevant to this problem is the question of the

influences exerted by recurrent axon collaterals of

the pyramidal neurons on adjoining cortical cells.

The data presented in Chapter XXXIV by Patton &
Amassian and new findings by Phillips (363) seem to

indicate that the activity of the axon collaterals may
not result exclusively in either excitatory or inhibitory

processes.

Turning now to the role of deep somatic sensibilities

in the regulation of motor acts, it has been demon-

strated that alteration in the tension of the muscle

may influence the mo\-ement elicited by stimulation

of the motor cortex (171, 172, 469). Although these

effects, due to the action exerted by propriocepti\e

and kinesthetic inputs, certainly occur mostly through

spinal mechanisms as in the case of scratch reflex

(428), section of the dorsal roots seems to deprive

higher centers of a component necessary to their

normal activity (336). It appears that the animal

fails to use the deafferented limb, despite the re-

tention of motor capacity, except in stereotyped and

instinctive behaxior, such as is seen in defensive acts

(336). Older evidence suggests that the threshold of

the motor area to direct stimulation becomes higher

following this operation (336). Further observations

support the view that the pyramidal tract rises in

neurons which are not normalh' autonomous in the

initiation of motor activity but are dependent on

afferent volleys from the periphery in attaining their

usual levels of excitability. Walshe (464, 465) has

summarized the view that it is the afferent system,

through its different receptors, which is concerned

in this aspect of cortical integration (cf. 259).

The question of the representation of deep somatic

sensibilities in the motor cortex has been previously

discussed. No answers are yet available to numerous

problems in this field. A puzzling observation is that

section of the L'-shaped Ijundle, between the pre-

central and postcentral gyri (357), or isolation of the

motor cortex (251, 355, 451) is without consequence

on motor performance. If the kinesthetic sensibilities,

as elaborated in the cortex, play a role in the regula-

tion of motor mechanisms, the further possibility

must be considered that they play their part at

subcortical levels, or that somatosensory inputs are

available at the motor cortex, either directly or

indirectly. There is disagreement about this second

possibility (see page 814), due in part to the singular

difficulties in the verification of hypotheses about the

way kinesthetic sensibilities might influence patterns

of motor activity at the cortical level.

The special senses, including visual and auditory,

may likewise participate in the patterning of central

activities related to motor functions. It is commonly

held that acoustic stimuli are responsible for various

forms of orienting reflexes which may inv-olve not

only the musculature of the ear, such as may be seen

in certain instances in lower animals, but may also

involve most of the body. It would seem, however,

that while in these cases most of the movement is of

subcortical origin, cortical participation is required

when acoustic information is the only source of

afferent inputs on which motor activity might be

based in a sequence of skilled, purposive movements.

Visual inputs usually participate to a great degree

in the regulation of motor performance. The rich-
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ness and complexity of the processes involved here

are well illustrated by the clinical observation that

cerebellar ataxia in man can be o\ercome, to a great

extent, by visual control of the movement. Even if

it is impossible to determine where the integrative

processes involved in this control take place, it is

highly significant that no other inputs can reduce

the ataxia consequent to lesions of the dorsal roots.

While in the latter case the disorganization of motor

control can be largely explained on a reflex basis, due

to loss of proprioceptive afferent vollevs in spinal

centers, the role of visual inputs in overcoming

cerebellar ataxia implies the inter\'ention of more

complex central processes in which higher functions

participate. Attention by the subject to the motor

performance is certainly one of these processes, and

here neurophysiological techniques have recently

provided certain basic correlates.

It has been postulated that modulation of sensory

inputs by central activity is a process strictly bound

to the mechanism of attention (cf 279). Anatomical

observations have shown that collaterals of pyramidal

fibers terminate in the cuneate, gracile and trigeminal

nuclei (85, 243). Physiological data on the role of

these connections are not yet available, but it would

seem reasonable to assume that somato.sensory inputs

may be modified, at the level of these relay nuclei,

by the activity of pyramidal neurons. The anatomical

observations quoted suggest mechanisms and path-

ways through which stimulation of the reticular

formation may induce changes in the output of these

nuclei (193). The possibility that the motor cortex,

itself, can modify .sensory inputs directly would appear

to parallel the actions tentatively attributed to

other systems of corticifugal fibers arising in sensory

areas. Suggestions by earlier investigators in this

area have already been mentioned. The question has

been reviewed by Galambos (164) in relation to

the proijlem of central control of acoustic inputs.

Various sensory inputs other than somatic have also

been shown to be susceptible to reticular stimulation.

These results are reviewed in C'hapter LI I by French,

in Chapter XXXI by Livingston and in the mono-

graph by Ro.ssi & Zanchetti (381).

Reverting to more strictly cortical aspects of

sensorimotor integration, the overlap between the

second sen.sory area and the motor representation in

primates would appear to indicate a close relation-

ship between sensory and motor activities in this

cortical region, but this problem deserves further

study. Experimental evidence concerning the pjossi-

bility of evoking movements from both primary and

second sensory areas has been reviewed by Hess et al.

(197) who reported contralateral movements evoked

in the cat by stimulation of the primary sensory area

and homolateral movements from the second sensory

area. The role of polysensory areas in relation to

motor activity is unknown. Points have been mapped
on the lateral surface of the cortex of the cat which

respond to a variety of sensory inputs (cf. 15J. A
region has been found overlapping the representation

of vestibular cortical afferents where interaction of

acoustic and somesthetic inputs occur (57, 312).

It has been suggested that this polysensory area may
participate in integration of postural and purposive

motor activity (57), but as yet no supporting evidence

is available.

Vestibular inputs certainly participate in the

regulation of posture and in the patterning of ac-

tivity on which a motor act is leased. While these

actions arc mostly subcortical (cf. 228), involving

particularly cerebellar, brain-stem and spinal mech-

anisms, the vestibular projections to the cortex (see

Chapter XXII by Gernandt in this work), as well as

interaction of \estibular with other sensory inputs

in the basal ganglia (392), suggest a contribution of

these inputs to the cortical regulation of motor

functions. Disorders of equilibrium are commonly

seen clinically where lesions are localized in the frontal

and parietal lobes, but it would seem that these

functions have a greater and more direct influence on

parietal lolje activities (cf. 1 13), possibly in connection

to the formulation of the so-called "body scheme'

(cf. 113, 292). Ecjuililjratory sensations were also

produced by stiimihition of the temporal cortex (358).

Role of Pxramidal System in Relation

to Willed Movement

Voluntary movement is the subject of Chapter

LX\'II h\ Paillard in this work. The present dis-

cussion considers only a few aspects of this problem.

The absence of adequate knowledge, which we have

frequenth emphasized in the course of this re\iew,

heavily be.sets the possibility of evaluating cortical

components in the initiation of a voluntary motor

act. It would appear even more difiicult to attribute

specific patterns of neuronal activity to such an act

since learned movements are essentially adaptive and

do not depend on the use of a particular group

of muscles (218, 253, 254). This fact would .seem to

refute the hypothesis of a simple and unicjue pattern

of neuronal acti\il\ in a given motor performance

when this is considered as a means to achie\e a goal.
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This point of view offers at least a less discouraging

approach to the findings that isolation of the motor

cortex, or the infliction of a series of perpendicular

incisions in it (251, 357, 409, 451), do not produce

significant impairment of function. Furthermore, it

has already been stressed that plasticity is one of the

major attributes of the central nervous system, as

indicated by functional recovery following extensive

lesions. This factor of plasticity, which may be re-

garded as simply another aspect of the multiplicity

of patterns mentioned above, may account for the

changes which must occur in central processes in

order to bypass both central and peripheral defects.

Rearrangement of central control of motor processes

would in fact seem po.ssible, at least partially, partic-

ularly in certain instances in higher primates, in cir-

cumstances where the peripheral effector apparatus

has been altered, as by a muscle transplant (cf. 408).

In addition to the effect seen in the quoted cases of

experimental interference, it has been shown that

the electromyographic responses recorded from

muscles not directly involved in a given voluntary

movement (iii) are reduced with age {112), prob-

ably as a result of a more effecti\e and economical

pattern of central activity.

No data seem to be available to support concepts

of the role of incli\idual neurons in relation to the

total motor output {202). In addition, the meager

results of cytoarchitectonic studies in the interpreta-

tion of functions of different cortical areas strongly

emphasize the difficulties of correlating structure and

function in relation to integrative processes. As Golgi

(179) so succincth- remarked many years ago, the

specificity of function of different cortical zones

depends not on the organization of these zones them-

selves, as revealed by cytoarchitectonic studies, but

on the specificity of fibers entering and leaving these

regions.

Such factors as attention, learning, memory and

emotion are processes which, although poorly under-

stood, certainly play an important role in the per-

formance of both stereotyped and novel motor ac-

tivity. It is, therefore, not surprising that knowledge

concerning the problem of willed movement is still

very meager. It must be recognized that none of the

neurophysiological data presented here can account

for the initiation and arrest of movement nor for the

purposive changes made in the course of a movement
on the basis of previous experience. It has been sug-

gested that actions such as the sudden starting or

stopping of motor activities, which may be regarded

as at least one aspect of will, take place \'ia pyramidal

fibers arising in the primary motor area (423). This

view agrees with the observation that a loss of many
aspects of skilled movements follows ablation of

cortical motor areas, implying the participation of

the cortex in at least the initiation of these finely

patterned aspects of motor activity. As Penfield

(355) has pointed out, it is clear that the nature of

voluntary action is determined according to sensory

information. When, for example, one considers the

extraordinary dexterity of hand movements, it is

obvious that, in the full utilization of the prccentral

cortex, the nerve impulses which reach it must come
in a pattern which is vastly varied in time of arrival,

in rhythm and in the combination of ganglion cells

selected for activation. Penfield concludes that the

nature of voluntary action is determined in accordance

with the guidance of memory and the conclusions of

reason, and that complex integration must occur

before the appropriate motor impulses arise in the

prccentral gyrus.

In Penfield's view, this volitional stream of im-

pulses impinging on the prccentral gyrus does not

arise cortically since neither removal of the area

anterior to the prccentral gvrus nor ablation of the

postcentral gyrus can entirely abolish skilled move-

ments. Penfield looks to the centrencephalic system

of the brain stem as initialing a stream of willed im-

pulses capable of producing the action that is ap-

propriate to all previously received information. It

might i)e expected that this \-olitional stream of

impulses must originate in ganglionic nuclei, such

as the centrencephalic .system, which have functional

or preparatory connections with sensory and elabora-

tion areas of both hemispheres. Walshe (463, 464) has

also directed attention to the possible subcortical

origin of these streams of controlling impulses, stating

that "the human pyramidal system of itself initiates

nothing, and to speak of it as responsible for this or

that category of movements is to ignore the source

and motive power of its activities."

Disorders of willed movements, such as occur in

parkinsonism, in association with lesions of the basal

ganglia and brain stem, have served to kindle new

interest in the role of the corpus striatum in these

functions. These studies have been reviewed by Clark

(95), who points out that there are extensive con-

nections between the intralaminar thalamic nuclei

and the corpus striatum, and that the latter is in fact

a highly important 'sensory ganglion', which receives

by way of the intralaminar nuclei, patterns of afferent

impulses mediated by the reticular system as a whole.

Moreover, in birds the higher functional levels of
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the sensory pathways appear to be represented en-

tirely in tlie homologies of the intralaminar nuclei

of the thalamus and the elaborate corpus striatum.

So far as is known, the cerebral cortex of the avian

brain receives no ascending pathways directly from

the thalamus. Clark concludes that if the instinctive

aspects of willed ljeha\ior are mediated at the higher

functional levels of the brain by the intralaminar

nuclei and the corpus striatum, it may be assumed

that the equivalent .system in mammals, and even in

man himself, may perform comparaljle functions.

Subtle changes in the ability to perform willed

responses have been seen following striatal lesions

in the monkey (4).

We have discussed here the problems of willed

movements without specific reference to the brain-

mind relationship. Little can be said at tiiis stage

concerning the functions of the mind in relation to

the microcosm of the individual cell. Eccles (137)

has accepted Sherrington's view that mind is not a

form of energy and has developed hypotheses as to

how nonenergy mind can act on matter at the

cellular level, ascribing to certain minute "influences'

a capacity to act upon a synaptic junction and modify

behavior. This point of view has been criticized by

Lashley (255) on the grounds that the use of the un-

certainty principle of Heisenberg in this connection is

invalid and quite irrelevant to the cjuestion of causal

determination.

An interesting and probably highly significant

finding in relation to willed movements has Ijeen

oljtained by Kupalov. In a review by this author

(242), an account is given of the estal.ilishment and

elaboration of a shaking conditioned reflex in a dog.

The conditioned response recjuired much training

with the dog assisting the initiation of the response by

scratciiing the skin with the paw or rolling on the

floor. In subsequent trials, the dog Ijegan to perform

the movement to the conditioning stimulus with

great alacrity. "In view of the way the dog shook, it

seemed that movement was con\erted into a volun-

tary act."

Studies of Conditioned Motor Performance

The technique of conditioned reflexes has been

applied in this field, first, to the study of sensorimotor

interaction, and more recently with a view to pro-

viding, by a combination with electrophysiological

techniques, a neurophysiological correlate of higher

processes such as learning. These studies are con-

sidered in C:hapter LXI by Galambos & Morgan
in this work.

It has been demonstrated that conditioning photic

stimuli may induce Clementi's photic epilepsy more
readily than unconditioned stimuli of the same

modality (293). The results obtained b\- Russian

authors in this field demonstrate the occurrence of

changes in electrical activity of Ijoth sensory and

motor cortex during the establishment of an avoidance

respon.se, as summarized in a review by Rusinov &
Raiiinovich (388). Modification of the electrical

activity in subcortical structures also occurred under

these conditions. There remains, however, the funda-

mental difliculty of reaching conclusions from these

data about the basic processes underlying the altera-

tions in the recorded wa\'es. The view expressed by

some of the Russian authors in this area is too briefly

reported in the review cited to permit comparison of

their interpretation of the data with the knowledge

of the mechanisms upon which neuronal firing appears

to depend (138). It is unlikely that background

activity, recorded with gro.ss electrodes, reflects

changes at the unit level, at least under most con-

ditions.

Nevertheless, by the use of microelectrodes in

conjunction with conditioning experiments, it has

been possible to secure a more intimate view of

integrative processes related to motor activity in

diff'erent cortical areas. The pattern of firing of single

neurons has been studied in the motor and sensory

cortex of the monkey during the performance of a

conditioned motor response in an avoidance situation.

In the experiments of Jasper et al. (221) the units

recorded within the arm area of the motor cortex,

contralateral to the limb performing the avoidance

act, have shown varied patterns of activity, as shown

in figure 6. While acceleration of firing can precede

and outlast the movement in some units, about a

third of the units studied showed no change in firing

patterns throughout this period. This occurred both

lor conditioned responses as well as during movement

performed spontaneously In the animal. When the

conditioning stimulus is present, the firinc; of other

units can Ije arrested until the end of the conditioning

signal. In still other units, a brief burst can appear

at the onset of the conditioning stimulus without

further participation of this unit in the response.

Under similar conditions, records from the sensory

arm area ha\c shown that the firing rate, which is

usuallv increased, changes more commonly with
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FIG. 6. Pattern of firing of units within
the motor cortex during the performance
of a conditioned avoidance movement. In
each record: A, microelectrode in the
motor corte.x; B, surface record from the

motor area; C, surface record from occipi-

tal area; D, electromyogram from the arm
performing the avoidance act (CR). This
act involved the opening of a switch, indi-

cated by an upward deflection in trace D,
thereby interrupting a stimulating circuit

which would otherwise have been acti-

vated foilouing presentation of the condi-
tioning stimulus (repetitive photic stimula-

tion applied during the time indicated

by the line at the bottom of the record).

Four different patterns of unitary activity

are shown. Top to bottom: acceleration of

unit discharge preceding and outlasting

the movement; arrest of unit discharge
at commencement of conditioning stimu-
lus, with return of discharge immediately
following the CR ; a brief burst of discharge
at the onset of the CS with no further

detectable participation of this unit in the

response; and arrest of firing both on
presentation of the CS and for some time
before the performance of the CR, with
return of discharge following the move-
ment. No changes were observed in the

pattern of firing of 25 to 30 per cent of

units studied in the motor area containing
the arm representation. [From Jasper et al.

(2-2.).]

movement itself as if it were the consequence of it.

Changes in firing in anticipation of movement were
infrequent and not important.

Parietal Liihe htfluences on Motor Activity

The behavior of cells in the motor corte.x, which
show changes in firing rate before the movement,
recalls the concept of the existence of a plan of antici-

pation as postulated by Liepman (272, 273). How-
ever, the difKculty here is in translating into neuro-
physiological mechanisms what is as yet only a

psychological concept. Similar difficulties which
also arise in the case of the body scheme do not,

howe\er, invalidate either of these concepts. There is

much supporting evidence as to the role of the

cortex in building up and continuously remodeling
the image by which the subject is aware of his position

in space and his postural attitude (cf. 113, 292).
Certain types of agnosia and apraxia which follow

lesions of the parietal lobe ha\e led to localization in

these regions of mechanisms involved in the formu-
lation of the body image (cf. 113). As discussed by
Shilder (395), this body scheme is based upon and
built up through the sen.sory input but is subject to

variations induced by emotional factors.

According to Denny-Brown & Chambers (119),
the exploratory behavior of the monkey, in addition
to its orientation in space, also depends mainly on
an intact parietal cortex. Defects in behavior follow

lesions in different areas of this cortex. Visual avoid-
ance reactions in primates, including man, appear
following posterior parietal ablation, while antero-

lateral ablations release .similar reactions to tactile

and nociceptive stimuli. Ablation of area 7 may
bring about a more general release of all t\ pes of

avoidance reactions.

Since parietal areas participate, on the one hand,
in sensor\- functions by reason of afferent sensory

volleys and also respond to stimulation by evoking
movements, it is possible that in these areas at least a
fairly strict correlation occurs between .sensory input
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and motor output. Polysensory projections have been

described in tlie association cortex of cat brain (cf.

75), and the thalamic relays for these responses

have been identified (51). Among others, the nucleus

centrum medianum has been found to relay sensory

information to regions in the anterior and posterior

suprasylvian gyrus (17). This nucleus, a part of the

so-called 'diffuse projection system' of the thalamus,

also receives projections from many cortical areas

and is the site of interaction of cortical descending

influences and ascending somatosensory volleys (cf.

16). Furthermore, stimulation of this nucleus, in

addition to producing widespread changes in elec-

trical activity of the corte.x, also produces changes in

motor functions which take place through subcortical

mechanisms (cf Chapter LIII by Jasper in this work).

This example of the centromedian nucleus is cited

here merely to illustrate a particular aspect of the

complex and involved corticosubcortical interrelation-

ships which might play a very important role in

sen.sorimotor integration. This conclusion is sug-

gested also by the observation of reticular units

which were found to be influenced by stimulation of

the cerebellum and motor cortex, and by sensory

inputs of different modalities (441, 442), as discussed

in Chapters LII by French and XXXV by Jung &
Hassler in this work.

Certain Curticoiubcortnal Inter) elatwns

in Motor Mechanisms

It has been suggested that the diffuse projection

nuclei of the thalamus may play a role in the initi-

ation of movements, in the processes of attention, or

in both (220). The observation of motor disability

and transient lethargy after thalamic lesions in the

region of these nuclei (391) is not inconsistent with

this hypothesis.

A greater body of information is available con-

cerning the reciprocal relationships between the

cortex and reticular formation which is discussed in

Chapter LII by French in this work. While many
questions concerning the mechanisms of cortical

'activation' by reticular action remain unsolved (cf

381), it is, however, sure that the reticular formation

can influence intracortical mechanisms by altering

the probability of firing of cortical neurons, including

those involved in sensorimotor activities (351, 473)-

Discharges recorded from single fibers in the pyram-

idal tract are altered as a result of cortical 'activa-

tion' by reticular action, concomitantly with the

changes occurring in the cortical electrical activity

(473). Evoked potentials in sensory projection areas

are also modified as a result of arousal, following

both natural sensory stimuli and reticular stimu-

lation (cf. 59).

More work is needed before these actions can he

defined in precise terms, but the overall picture of

the electrical cortical activity in this condition of

arousal is the one which can be expected in the

course of integrative processes. This would seem to

imply mainly a desychronized pattern of unitary

activity necessitated by a temporal and spatial dis-

persion in which excitatory and inhibitory processes

act through graded and algebraically summating

actions (cf. 56). It would thus appear that reticular

actions may affect in varying degrees sensorimotor

cortical integration. The cortical efflux, in turn, is

directed to a great extent to subcortical structures,

including the reticular formation (cf. 156).

It has been suggested that subcortical facilitation

of motor activity, as studied by means of prebulbar

reticular stimulation on the monosynaptic reflex, is

controlled at once, when initiated, by an inhibitory

process which is cortical in origin since it can be

abolished temporarily by cooling the cortical surface

and permanently in the chronic decorticated cat.

Hugelin & Bonvallet (213, 215, 216) describe these

inhibitory cortical actions as originating from most of

the cortex and mediated by 'extrapyramidal' fibers

which, at the level of the pes pedunculi, enter the

lateral hypothalamic area and reach the posterior

diencephalic tegmentum. This cortical inhibitory

action is tonic in character but increases slowly when

subcortical facilitation is initiated. This produces,

concomitantly with the action at the spinal level, a

cortical 'activation.'

The quoted results resemble those obtained i>y

Tower (42 1 ) who demonstrated that the stimulation

of various cortical points, after section of the cortico-

spinal tract, abolishes a background of muscular

hypertonus and stops movements. Tower describes

regional differences in the capacity of the cortex to

produce these effects.

While many difficulties attach to specific interpre-

tation of this (214) or other corticosubcortical inter-

relationships previously considered, their existence

emphasizes the interdependence of ganglionic masses

within the central nervous system when their ac-

tivities are considered in relation to a behavioral act.

In this respect the importance of the o\crlap between

pyramidal and extrapyramidal functions in in-

tegrative processes necessary for a successful motor



SENSORIMOTOR CORTICAL ACTIVITIES 829

performance probably expands beyond the purely

mechanistic aspect of the problem to include some

of the higher central processes, usually referred to as

'mental.' Knowledge of these processes is indispensable

for the ultimate understanding of central activities

underlying motor functions.
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The pyramidal tract: its excitation and functions'
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ANATOMICAL FEATURES

THE PYRAMIDAL TRACT is primarily an anatomical

rather than a physiological entity. Strictly defined,

it coinprises those neurons with descending axons'

which traverse longitudinally the bulbar pyramids

(fig. i). Excluded are the thin strands of external

arcuate fibers which stream transversely over the sur-

face or, sometimes, through the substance of the

pyramid (fig. i); this exclusion is appropriate physio-

logically as well as anatomically. Inappropriately ex-

cluded by strict anatomical definition, however, are

' Previously impublished work of the authors of this chapter

was supported in part by a research grant (B395) from the

National Institute of Nem'ological Diseases and Blindness of the

National Institutes of Health, Bethesda, Maryland.

^John and Mary R. Markle .Scholar in Medical Science.

Now at the Department of Physiology, Albert Einstein College

of Medicine, Yeshiva University, New York City.

' The question of ascending fibers in the pyramid is discussed

below.

the corticofugal fibers which supply cranial motor

nuclei. These fibers ("aberrant pyramidal bundles'),

although presumably bearing the same functional re-

lationship to cranial motor nuclei that the cortico-

spinal fibers bear to spinal motor nuclei, depart from

the main tract at the level of the pons and do not

traverse the bulbar pyramid (iio, p. 10). Inappro-

priately included are corticobulbar fibers which de-

part from the pyramid to terminate in the overlying

reticular formation (95, 96), and hence are at least

potentially pathways of the 'extrapyramidal' type.

Thus, even at the bulbar level, where the tract is

purest, it is both contaminated and incomplete.

Figure i shows the relationship of the cat pyramid to

other bulbar structures at the level of the inferior

olive. The right pyramid is degenerated owing to

ablation of the ipsilateral cortex one month previ-

ously. The histological change is evident, but the

tract has lost little bulk, being about i mm thick;

with a longer degeneration period, the pyramid

shrinks grossly. The undegenerated fibers dorsal to

the pyramid, and interposed between it and the olive,

constitute the medial lemniscus. The proximity of the

two tracts persists throughout the bulbar extent of the

pyramid (41). The picture emphasizes the difficulty

of either selective stimulation or selective section of

the pyramid. Moreover, the proxiinity of the pyramid

to such active structures as the lemniscus and the

reticular formation (the entire dorsoventral extent of

the bulb is only 4 to 5 mm), all immersed in an ex-

cellent conductor, indicates the necessity for careful

depth measurements and differential recording in

studies designed to measure electrical activity of the

pyrainids. With the exception of Lloyd's study (72)

these pitfalls have rarely been taken fully into ac-

837
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FIG. I. Weil-stained section through medulla of cat surviving

right hemidccortication for i month. Intact hbers between

degenerated right pyramid and inferior olive constitute the

medial lemniscus.

count, they have recently been re-emphasized by

Patton & Amassian (82) and Ijy Landau (54, 55).

Despite these reservations, the bull^ar pyramid is

the best level at which to study pyramidal tract func-

tion. At the suprabulbar and the cord level, and even

in the decussation (Bo), the tract is hopelessly con-

taminated with other functional systems.

PYR.AMID.^L deficit; SECTION OF PVR.AMID

The full extent of the bulbar pyramids can readily

be exposed by reflecting the trachea and pharynx and

removing the basiocciput. One or both pyramids can

then be cut; care must be taken to avoid injury to

the overlying basilar artery and its branches.''

The effects of experimental pyramidotomy have

been studied in the rat (7), dog (92, 94), cat (50, 68,

75, 99, 100), monkey (89, 92, loi, 103), and chim-

panzee (103). L'nilateral lesions cause contralateral

paresis, varying in severity according to the species.

In rats, the flexor muscles are particularly affected,

but the paresis diminishes, although it does not disap-

pear, in 2 to 3 weeks. In cats and dogs, the hind limbs

are more severely affected than the forelimfis. Walk-

ing is not permanently abolished, but there are

' The proximity of the lemniscus makes depth of section crit-

ical, and dimpling of tissue under the knife causes uncertainty.

By any technique, the lemniscus probably suflTers some insult;

but the difficulty can be diminished by passing a fine suture

under the tract and gently pulling the free ends, passed through

a fine glass tube held against the pyramidal surface, until the

suture cuts through the tract. Slightly modified, the same tech-

nique can be used to transect the bulb for experiments in

which it is desired to have only the pyramids in continuity (52).

Striking disturbances in precise locomotory move-

ments, e.g. walking a narrow track or ladder. The
contact and visual placing reactions are diminished

or abolished. The paretic limb exhibits decreased re-

sistance to passi\e extension; resistance to passive

flexion appears to be increased but may result from

fle.xor hypotonicity (99).

In the monkey and the chimpanzee, the effects of

pyramidotomy are more severe (103). The chief de-

fect is the contralateral paresis involving the muscula-

ture from the neck down. This affliction is more

severe in the chimpanzee than in the rnonkey; indeed,

in the former the relatively stereotyped movements of

progression appear to be somewhat impaired, al-

though they are not abolished. In neither animal is

paralysis ever so grave that the affected limbs are

useless, but there is severe poverty of movement and

loss of such fine movements as apposition of thumb

and index fiinger in grooming or manipulating small

objects, individual movements of digits in exploring,

and elevation of one shoulder in evacuating a gorged

food pouch. This deficit has been observed to last up

to 4 years and thus may be considered permanent.

Tower (103) describes such animals as follows.

"The usage which survives, be it posture, progres-

sion, fighting, or reaching-grasping, is stripped of all

the finer ciualities which make for aim, precision and

modifiability in the course of execution. These re-

maining stereotyped performances are useful still, but

they are by no means the skilled performances of the

intact animal. Inasmuch as the residual performances

may require the most intense voluntary attention for

their successful employment, as happens after bilat-

eral pyramidal lesion in the adult monkey, the condi-

tion cannot be called a complete voluntary paresis.

In other words, extrapyramidal action from the cortex

may be employed quite as voluntarily as pyramidal

action. The selective destruction is of the least stereo-

typed, most discrete, moxements or elements in

movement."

Associated w ilh the paresis is a hypotonia, reduced

resistance to passive manipulation, which is somewhat

more proininent in the monkey than in the chim-

panzee. Unilateral lesions affect the abdomen and the

extremities most severely. The leg suffers more than

the arm, although with bilateral lesions the hypo-

tonia is relatively uniform. At first thought, the rela-

tive severity of leg impairment following unilateral

lesions is surprising because fiber counts indicate a

reduction of 50 per cent after the lateral corticospinal

tract has descended below the cervical enlargment

(107). Since the contribution to arm segments is
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equal to that supplying the subcervical segments and

therefore greater than that exclusively supplying the

leg segments, one would expect the arm to be more

impaired. The contrary superiority of arm over leg is

probably a measure of the effectiveness of the un-

crossed paths (39, 60, 89, 93) which supply chiefly the

cervical segments.

Superficial reflexes such as the abdominal and

cremasteric, and local reactions to pin prick, are

severely attentuated or abolished. Deep reflexes are

elevated in threshold, slow and full, presumably be-

cause they are unchecked by antagonistic reciprocal

contraction. Tonic neck reflexes are absent and clonus

does not occur. Contact and visual placing reactions

and proprioceptive hopping and placing are weak. In

both the monkey and the chimpanzee, a forced grasp

reflex is prominent, i.e. stretch on the flexor tendons

of the digits induces strong digital flexion. This reflex

may be so severe that it interferes with climbing, the

animal often getting 'hung up' because it is unable to

release its grip on the cage bars. Occurrence of forced

grasping is surprising since previous cortical extirpa-

tion studies suggested that the grasp reflex is released

by interruption of 'extrapyramidal' rather than py-

ramidal fibers (37), and even more so because the

other signs of pyramidotomy suggest interruption of

an excitatory pathway rather than release of spinal

reflex centers from descending inhibitory impulses.

In the monkey the plantar reflex is obtunded, but

the pattern is normal (ventroflexion). In the chim-

panzee, however, a Babinski sign with dorsiflexion

and fanning of the toes is a constant and enduring

finding after pyramidal section as it is following lesions

of area 4 (38).

In both the monkey and the chimpanzee (but more

prominently in the monkey) decreased skin tempera-

tures are consistently found in the paretic extremities,

suggesting a tonic inhibitory effect of pyramidal fibers

on sympathetic preganglionic neurons (but see 53).

Finally, both monkeys and chimpanzees surviving

pyramidotomy for 2 months or more show decreased

muscle mass in the paretic extremity, and histological

examination of the muscle shows atrophy with shrink-

ing of fiber size.

Particular interest attaches to the finding of hypo-

tonia following experimental pyramidotomy in pri-

mates because it conflicts with the persistent teaching

of clinical neurology that pyramidal tract interrup-

tion produces spasticity. This contention has no

scientific basis because lesions in man are invariably

mixed. There is no known instance of isolated py-

ramidal tract interruption in man, with the possible

exception of the much quoted case described by

Hausman (43) in which the resulting paralysis was

flaccid or 'flail-like' rather than spastic.

Nevertheless, it may be forcibly argued that bulbar

pyramidotomy is not equivalent to total destruction

of the cells contributing to the pyramidal system. The
proximal portions of the neuron reinain intact. The
cell bodies show retrograde chromatolysis and reduc-

tion in size but do not undergo irreversible degenera-

tion (50) ;
presumably, they remain functional. This

type of reaction is characteristic of cells having axons

which give off numerous collaterals central to the

point of amputation, and there is abundant evidence

that pyramidal fibers spawn many collateral branches

during their course from the cortex to the decussa-

tion. Branches to the striatum, the substantia nigra

and the brain-stem reticular formation have been

described; but some of these may be 'extrapyramidal'

endings rather than pyramidal collaterals. Numerous

true collaterals are given oflf to the pontine nuclei

(88, p. 967). In the bulb, particularly at the level of

the facial nerve nucleus, many fine collaterals run to

the large cells of the medial reticular formation (88,

p. 957; Scheibel, A. & M. Scheibel, personal com-

munication).^ There are, therefore, numerous points

at which impulses generated in corticospinal neurons

may be fed into descending pathways other than the

pyramid, and the distinction between pyramidal and

extrapyramidal systems loses functional significance.

All pathways innervated by suprabulbar collateral

branches are left intact after pyramidotomy, which

amputates only the direct pathway from cortex to

spinal cord, and it is quite possible that interruption

of the same axons at levels rostral to the collateral

branching might yield quite different results. Signifi-

cantly, Tower (102) found that lesions in the pons

(where pyramidal collaterals are profuse), interrupt-

ing partially or completely the pontine corticospinal

bundle, produced clear-cut spasticity with "exag-

gerated postural and tendon reflexes, excessive tone

of 'clasp-knife' quality, and readily excitable clonus"

in monkeys.

It may develop that electrical recording techniques

will give further information about the pyramidal

collateral pathways which are so difficult to follow

with certainty by anatomical techniques. Surface

stimulation of the bulbar pyramid should antidromi-

' Cryptically in another place (88, p. 890) Ramon y Cajal

states that the pyramidal fibers give off no collaterals through-

out their bulbar course. Nevertheless, collaterals are shown

clearly and labeled as such in several figures (e.g. 88, figs. 409,

43").
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cally activate collateral pathways. For example, such

stimulation evokes in the bulbar reticular formation

and the cervical \agus nerve electrical activity which,

on the basis of latency and failure to follow high

stimulus repetition rates, traverses at least one synapse

(Mahnke, Nelson & Patton, unpublished oljserva-

tions). However, it is difiicult to eliminate the possi-

bility of stimulus spread to the adjacent lemniscus and

reticular formation and thus clearly to implicate

pyramidal collaterals.

STIMULATION OF THE PYRAMIDS

Since the discovery of the motor cortex by Fritsch

& Hitzig (35), the movements resulting from stimula-

tion of cortical motor foci have been repeatedly

studied and mapped (see the preceding chapter).

Valuaiile as such studies are, they do not give clear

information (as is commonly erroneously supposed)

on the role of corticospinal function. Cortical stimula-

tion obviously excites 'extrapyramidal' as well as

pyramidal pathways (80), and strong participation by

the former in initiating movement is indicated by the

fact that cortical stimulation provokes movement

after chronic pyramidotomy (100). To study the

pyramidal contribution to movement requires stimu-

lation at the bulbar level where the tract is uncon-

taminated. Movement patterns resulting from bulbar

pyramidal stimulation were analyzed by Brookhart

(18) and by Landau (52), using multiple electro-

myography in monkeys anesthetized with barbitu-

rates and in decerebrate cats. Such preparations have

the ad\'antage that descending pathways activated by

antidromic invasion of pyramidal collaterals in the

pons are not excluded but present the disadvantage

that the hazard of stimulus spread to adjacent struc-

tures is uncontrolled. This difficulty can only be cir-

cumvented by stimulation rostral to a bulbar transec-

tion sparing only the pyramids (72) and sacrificing

collateral pathways.

A striking characteristic of pyramid-evoked move-

ment is the need for temporal summation; electro-

myographic signs of contraction occurred only when

the pyramid was repetitively shocked. In the monkey

(18), the duration of a train of given frequency and

pulse duration required to produce contraction is

characteristic for a particular muscle and varies for

different muscles; reducing the threshold train by a

single pulse prevents onset of contraction. For all

muscles, increasing the frequency of stimulation de-

creases the train duration needed to produce contrac-

tion. Increased pulse duration markedly shortens the

train-duration threshold for proximal muscles but is

much less effective in shortening the train-duration

threshold for distal musculature, e.g. hand and finger.

Direct recording from the pyramid indicates that the

greater effectiveness of long (2.0 msec.) compared to

short (o.i msec.) pulses is largely attributable to re-

cruitment of slowly conducting (hence presumably

small-diameter) fibers by the longer pulses. It may
thus be argued that the larger fibers are primarily

concerned with the control of distal musculature and

the more numerous, small fibers with the larger

proximal muscles (18).

Landau (52) stresses the variability of movement

patterns elicited by pyramidal stimulation in decere-

brate cats. In different animals and from time to time

in the same preparation, the sequence of muscle

activation varied independently of such controllable

factors as anesthesia, posture, and locus and parame-

ters of stimulation. Landau ascribes this variability

to the spinal internuncial system on which the pyram-

idal efferents play. Although the internuncials inter-

posed between pyramidal endings and motoneurons

undoubtedly modulate the transfer of impulses (72),

some of the variability of Landau's experiments is

more readily explained by assuming varying spread

of stimulus to adjacent structures. For example, the

organized movements ('walking, batting, digging,

scratching') that occurred resembled more the reflex

results of afferent stimulation than the response to

stimulation of an efferent pathway. The latter possi-

bility is particularly unlikely because, although there

is evidence that individual pyramidal fibers arising

from different topographically organized cortical

areas do not overlap extensively in their spinal distri-

bution (26), these fibers are thoroughly mixed at the

bulbar lev-el (6, 77, 103). Thus, the chance that

stimulation at this level would excite fibers selectively

and in the proper temporal sequence to produce

complex, organized movements appears remote. On
the other hand, stimulus spread to the lemniscus, with

collateral activation of the reticular formation, might

well generate such reflex patterns.

In addition to contraction of skeletal muscle, py-

ramidal stimulation is reported to cause changes in

autonomic effectors (53), including sweating (galvanic

skin response), piloerection, pupillary dilation, and

alterations in arterial pressure, heart rate, intravesical

pressure and gastric rhythms. Although the responses

were said to be abolished by pyramidotomy below

the point of stimulation, the variability in respon.se

raises again the question of stimulus spread.
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Although the physiological role of the pyramidal

tract remains problematical, the results of pyramid-

otomy and of pyramidal stimulation permit some

general conclusions. First, it appears clear that

voluntary movement is less dependent on pyramidal

function than is commonly supposed; the special

contribution of pyramidal impulses appears to be fine,

precise control, particularly of the distal musculature.

Secondly, apart from reciprocal effects, the prepon-

derant spinal action of impulses traversing the pyra-

mids appears to be e.xcitatory. There remains the

distinct possibility, however, that supraljulbar col-

laterals of descending excitatory axons may feed into

descending systems which have an opposite effect on

the excitability of spinal motoneurons.

CORTICAL EXCITATION OF PYRAMIDAL TRACT

FIG. 2. Pyramidal tract responses to stimulation of the motor

cortex and white matter in monkey (Dial anesthesia). Re-

cording electrode in lateral column at C|. Downward deflection

in this and all subsequent hgures indicates positivity at the

exploring electrode. Left, stimulus to the contralateral motor

cortex; D and I wa\'es are labelled. Right, stimulus to white

matter after ablation of motor cortex, only the D wave persists.

Time, i msec.

Although direct cortical stimulation has been ex-

tensively used to study motor areas since 1870, record-

ing from the pyramidal tract was not attempted until

the pioneering studies by .\drian & Moruzzi ( i ) in

1939. Unfortunately, they chose to record from the

region of pyramidal decussation and, consequently,

their recordings were contaminated with activity of

the liulbar reticular units through which the decussat-

ing pyramidal fibers pass (80). Electrodes placed in

the bulbar pyramid or the lateral column of the cord'^

record a characteristic configuration when a single

shock of short duration (o.i msec.) is applied to the

cortex (80). The initial deflection is a stable positive

wave (fig. 2) with a latency of about 0.7 msec, at the

bulbar level and about i msec, at cord segment Ci;

this is followed, some 2.0 to 2.5 msec, later, by a

series of variable positive deflections which recur at

intervals of about 2.0 to 2.5 msec. The initial deflec-

tion occurs after a latency too brief to allow both

conduction and synaptic transfer, readily follows

stimulus repetition rates up to 400 to 500 per sec,

and can be elicited by stimulation of white matter

after removal of the cortex (fig. 2). This deflection

therefore represents activity directly initiated in Betz

cells' by the cortical shock and accordingly is called

^ Cord recording also carries the hazard of contamination

of response. .All critical observations reported here have been

carefully checked by bulbar recording.

' It is unfortunate that there is no acceptable term for corti-

cal cells projecting into the pyramid; the term 'Betz cell' pre-

sumably applies only to the largest of such cells, although the

size limit has never been clearly defined (106). In any case,

cells with cross-sectional areas of goo to 1400 ^i^ account for

only a small percentage of the pyramidal axons; hence, many

the D wa\'e. The deflections following the D wave

vary in amplitude, fail to follow high stimulus repeti-

tion rates, and are more susceptible than the D waves

to asphyxia, anesthesia and cortical injury. All these

properties suggest activity resulting from synaptically

relayed excitation of Betz cells, and the late waves

are therefore referred to as I (for indirect) waves.

In our original analysis we suggested that the I

waves were not significantly contaminated by activity

of directly excited, slowly conducting fibers because

the pyramidal response to white matter stiinulation

failed to reveal much late activity (figs. 2, 3). Never-

theless, both anatomical (20, 62) and functional (13)

studies indicate the presence of many slowly-conduct-

ing fibers in the pyramids. Moreover, Patton c& Towe
(unpublished observations) have isolated a few cortical

units capaljle of following antidromic pyramidal stim-

ulation rates up to 100 per sec, which have bulb-to-

cortex conduction times up to 7 to 8 msec. Directly-

evoked activity in such slowly-conducting units may
well reach the pyramid simultaneously with I activity

of more rapidly-conducting units. However, it is

quite clear that directly-excited fibers of slow conduc-

tion rates can account for only a small amount of the

I activity.

The cellular elements that bombard the Betz cells

to produce I discharges are located in the cortex, for

there are no I waves in the pyramidal discharge

evoked bv stimulation of the white matter after the

smaller cells must contribute. In this discussion, the term 'Betz

cell' has been used to indicate any cortical cell, irrespective of

size, with the axon transversing the pyramid.
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FIG. 3. Pyramidal complexes evoked by stimulation at various levels beneath cortical

surface in monkey (Dial anesthesia). Recording electrode in contralateral lateral column

between Ci and Cj. Stimulus through focal monopolar electrode on, within or beneath

contralateral motor arm area. Numbers under each trace indicate depth of stimulating

electrode in millimeters, measured from cortical surface. Cortex was 2.5 mm thick at point

of penetration. [From Fatten & Amassian (80).
j

FIG. 4. Effect of cortical stimulus site and stimulus strength on pyramidal discharge in

monkey (Dial anesthesia). Recording electrode below Ci in the lateral column contralateral

to stimulation. A. Responses elicited by stimulating point A Unset) with relative strengths

indicated by numbers under the traces. B. Responses evoked from point B; note high thresh-

old compared to .4. C Responses evoked by stimulating point B; upper trace, test response alone;

lower trace, test shock followed identical conditioning shock by 1 8 msec. Note in test response

there is obliteration of late (I) activity but persistence of the component with latency of

4 msec, (slowly conducted D wave). [From Patton & .\massian (80).]

cortex has been removed (fig. 2). In the experiment

shown in figure 3, the cortex was left intact, but the

stimulating electrode was thrust for varying distances

into or through the cortex, which was 2.5 mm thick.

Deep in the white matter (lower trace) only the D
wave was evoked; as the stimulating electrode was

pulled into and through the gray matter, I waves ap-

peared and were maximum at a depth of 2.0 mm.
Incidentally, this experiment eliminates the possi-

bility that I waves recorded under barbiturate anes-

thesia result from re-excitation via the recurrent col-

laterals of Betz cells (23, 25, 74). Stimulation in the

white matter should invade such collaterals anti-

dromically, producing I acti\ity, but the lower trace

shows little or no late activity. More pertinent argu-

ments against the participation of recurrent collaterals

in the re-excitation of Betz cells are given below.

Thus, the I waves of a cortically evoked, pyramidal

discharge result from relayed excitation of Betz cells

via cortical interneurons, and the size of the waves

provides a convenient and reliable measure of cortical

excitability (12, 21, 80, 105, 114). The question arises

whether the units synaptically fired during I activity

are those which were directly fired to produce the D
wave. Inspection of figure 3 provides a partial answer;

the area of the third I wave in the fourth trace from

the top is considerably greater than that of the D
wave; hence, even assuming some sharing of units in
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D and I, the conclusion is inescapable that the units

firing during the I \va\e outnumber those active dur-

ing the D wave. Therefore, at least some of these

indirectly-excited cells must have escaped direct exci-

tation. The same thing is shown even more clearly in

figure 4, where the responses to stimulation of a focus

in area 4 are compared with those evoked by stimula-

tion of a point rostral to area 4. The latter are char-

acterized by a small, late (4 msec. ) D wave, followed

by a series of I waves each of which has a far greater

amplitude and area than the D wave. It must thus be

concluded that the cortical interneuron system diffuses

excitation through the cortex and excites some Betz

cells situated too far from the stimulating electrodes

to be directly excited. The significance of this for

cortical mapping is discussed below.

To answer the rest of the question, i.e. do cortical

interneurons cause repetitive firing of some cells

directly fired, requires single unit recording from

pyramidal axons or Betz cells. Occlusive interaction

(with 50 per cent reduction) of a test D wave timed to

fall during a conditioning I discharge can be demon-

strated (80, fig. 7), but this evidence is not conclusive

because distinction between occlusion and inhibition

is uncertain. Figure 5.4 shows the response of a single

pyramidal axon to a weak cortical shock; two spikes

occurred, the first having a latency of about 3 msec.

The lower trace (B) shows that at a stimulus repeti-

tion rate of 430 per sec. the unit failed to fire, suggest-

ing that it was indirectly excited. In C, the stimulus

strength was increased (thus enlarging the effective

area of the stimulus). The unit then fired four spikes,

the first with a latency of about 1.2 msec. Trace D
shows that this early spike followed a stimulus of 430
per sec, and hence the unit must have been directly

excited. Brookhart (19) found that pyramidal axons

stimulated in the cord, even with strong shocks of 2

msec, duration, do not fire repetitively, a fact suggest-

ing that the last three spikes of trace C reflect synaptic

excitation of a cell previously fired directly by the

stimulus. Recording with intracellular electrodes,

Phillips (86) also noted direct and relayed firing of

the same Betz cell to long (10 msec.) cortical shocks.

Thus, cortical interneurons cause repetitive firing of

Betz cells near the stimulating electrodes and initiate

delayed firing of cells outside the directly effective orb

of the electrodes.

The interval between the D wave and the first I

wave should provide an estimate of synaptic delay in

the cortex. Indeed, the experimental arrangement is

comparable to that employed bvLorente deNo (73) to

determine synaptic delay in the oculomotor nucleus.
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FIG. 5. Pyramidal axon .spikes in a cat anesthetized with

chloralose and given tubocurarine. Recording electrode in

lateral column between Ci and Cj. .4. Response to weak contra-

lateral precruciate stimulus. B. .Sweep taken during stimulus

train at 430 per sec. and same strength as in A. C. Response to

stronger stimulus than in A; note addition of early (2 msec.)

spike. D. Sweep during stimulus train at 430 per sec. ; strength

as in C; short-latency spike follows stimulus rate. [From Patton

& Amassian (80).]

In preparations in which D and I waves are recog-

nizably distinct (figs. 3, 4), the time interval is usually

of the order of 2.0 to 2.5 msec. As an estimate of

synaptic delay, this interval is about double that

given by other sources. One possible interpretation of

I wave periodicity is based upon two assumptions.

First, that Golgi type II cells are responsible for syn-

aptic excitation of Betz cells. Second, that longitudi-

nally orientated neurons are inore easily excited by

an electric stimulus applied to the cortical surface

than are the compact field Golgi type II cells. An
electrical stimulus to the cortex would then excite

Betz cells and other longitudinally oriented cells

directly. The latter would subsequently excite Betz

cells through the intermediary Golgi type II cells.

The over-all delay for the indirect excitation of Betz

cells following electrical stimulation would thus be

two synaptic delays or a multiple thereof. In the

inonkey, the rather regular recurrence of I waves,

again at intervals of 2.0 to 2.5 insec, suggests periodic

bombardment of the Betz cells through chains of

neurons with fixed temporal characteristics. Often,

the I waves increase progressively in ainplitude (figs.

3, 4B) perhaps reflecting avalanche conduction in the

longer chains. In the cat anesthetized with chloralose,

however, the I activity often i^egins on the tail of the

D wave and persists for as long as 15 to 20 msec, as a

slowly waning discharge without clear maxima, a

configuration suggesting an asynchronous discharge

through chains with varying temporal characteristics

(80).^
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ORIGIN OF PYRAMIDAL TRACT

That the pyramidal tract arises entirely from corti-

cal neurons is now established in man (6ij and

monkey (76), in which hemispherectomy causes com-

plete degeneration of longitudinally descending axons

in the pyramid. Delineation of specific cortical areas

contributing axons to the pyramid has been the goal

of many anatomical investigators using retrograde

and secondary degeneration techniques. These studies

have been summarized by Tower (103) and Lassek

(59, 60). The giant pyramid-shaped cells of Betz,

particularly prominent in the fifth layer of the pre-

central gyrus, undergo unmistakable chromatolytic

changes and atrophy following interruption of the

pyramid (47, 63, 64, 91 , in). Contrary to oft-repeated

statements in unsophisticated textbooks, however, it

is perfectly clear that the large, pyramid-shaped cells

account for only about 2 to 3 per cent of the axons in

the bulbar pyramids. In man, Lassek (56) counted

only 34,000 giant pyramid-shaped cells with cross-

section areas ranging from 900 to 4100 n-; whereas

the bulbar pyramid contains about i million axons

(62). In the monkey, a similar ratio obtains, 18,845

cells (600 to 3000 ij.-) to 500,000 fibers (57). If the

reasonable assumption that large cell bodies give rise

to large axons is accepted, it may be supposed that

the large Betz cells are the parents of the 30,000

myelinated pyramidal axons, which range in diameter

from 9 to 22 ;u (62). The much more numerous small

myelinated pyramidal axons (almost 90 per cent are

less than 4 fi in diameter) and the unmyelinated

axons (which comprise roughly 40 per cent of the

total) must arise from smaller, less distinctive cortical

elements. The density of giant Betz cells varies in the

different topographical sul:)divisions of area 4, 75 per

cent being found in that for the leg, 17.9 per cent in

that for the arm and 6.6 per cent in that for the face

(56).

Pyramidal axons arise largely from cells in the

internal lamina (74). In single-unit recording of

cortical cells of cats, Patton & Towe (unpublished

oiiservations) found corticopyramidal units (identified

by their ability to follow high-frequency antidromic

pyramidal stimulation) in all layers except I and II,

but the greatest density was in layers V and VI.

Seventy-one such cells were distributed as follows:

layer III (depth, 500 to 870 /x), 6; layer IV (870 to

1070 n), 6; layer V (1070 to 1370 /j.), 24; and layer

VI (1370 to 1900 n), 35.* There was no significant

** Depth ranges for indi\iduai layers are mean \'alncs taken

from frozen sections of arm somatosensory area I; paraffin sec-

tions shrink too much for accurate measurement (67).

correlation between the relative size of a unit (as

estimated from the bulb-to-cortex conduction time)

and its apparent depth location. Depth location in

cortical unit analysis is, of course, subject to some in-

accuracies, which are discussed at length below.

The contributions of different cytoarchitectural

areas to the pyramid have been investigated inten-

sively. Lassek (58) found that ablation of area 4
caused degeneration of 27 to 40 per cent of the pyram-

idal axons in monkeys. Virtually all of the largest

myelinated pyramidal axons degenerated. Haggqvist

(42) found only a 20 per cent loss after such lesions.

It is not clear that the cortical lesions in these studies

included the entire supplementary motor area on the

mesial surface (113). Fiber counts have not been

made following combined lesions of areas 4 and 6,

but Welch & Kennard (108) noted that pyramidal

degeneration was incomplete. About half the pyrami-

dal fibers degenerate after combined pre- and post-

central ablation (58), and Pcele (83) noticed py-

ramidal degeneration (Marchi and Weigert stains)

following lesions of areas i, 2, 3, 5 and 7. In cats,

degeneration studies with Glees' silver method sug-

gests pyramidal contributions from the temporal and

occipital cortex (104), a finding so surprising that it

should be further investigated. In summary, it tnay

be said that degeneration studies of different sorts

and by different investigators give a confused picture

with contradictory elements, but all agree that the

classical motor cortex of area 4 is not the sole source

of pyramidal fibers.

.Studies in which electrical recording is used to

localize pyramidal origins generally reveal a somewhat

more restricted cortical pattern. Since the presence of

a D wave in cortically evoked pyramidal discharges

indicates that corticospinal neurons lie within the

effective radius of the stimulating electrodes, mapping

the cortical regions froin which D waves can be evoked

might be expected to yield a picture of the areal

origin of corticospinal projections. Because effective

stimulus radius depends on stimulus strength, such

maps err, if at all, in the direction of overextensive-

ness. In cats, Patton & Roscoe (unpublished observa-

tions), using this method, found two distinct projection

zones. The first includes the anterior sigmoid gyrus

and that part of the posterior sigmoid gyrus corre-

sponding to the leg and arm subdivisions of somato-

sensory area I. The second is in the anterior ecto-

sylvian gyrus and is roughly coextensive with the arm

and leg subdivisions of somatosensory area II. An
isthmus of cortex, either silent or yielding only I

activity, extends over part of the coronal gyrus be-

tween the two projection areas and corresponds to the
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FIG. 6. Map of pyramidal responses evoked by stimulating different cortical foci in Dial-anesthe-

tized monkey. Responses recorded from contralateral spinal cord iC;) are superimposed on stimulus

foci. Pulse below each trace is stimulus current, which was kept constant ie-\cept in one of the

lower traces) at 6 ma (duration, o.i msec). Major cortical markings from left to right: intraparietal

sulcus, central sulcus, arcuate sulcus.

face receiving zone. Direct pyramidal responses from

the face corte.x are presumably excluded by bulbar

recording. The data agree approximately with those

of Lance & Manning (51).

Surrounding the regions from which D activity can

be elicited is a fringe, variable in extent, from which

only I activity inay be evoked. Presumably these

regions have few or no pyramidal projections but are

connected with projection areas through cortical

interneurons. The size of the T fringe' is variable but

is most extensive under light anesthesia.

In the monkey (81), the major projection zone is

precentral (fig. 6); stimulation on the postcentral

gyrus and the parietal cortex elicits a pyramidal

response which is dominated by I acti\ity, and which

is largely abolished by removal of the precentral

gyrus (fig. 7). This is surprising in view of the ana-

tomical claim that the postcentral and parietal cortex

contribute axons to the pyramid; it is possible that

such contributions are derived from small cells not

easily excited by the rather weak stimuli employed in

the mapping experiments.

A feature of interest is the \'ery extensive I fringe in

the lightly anesthetized monkey (figs. 6, 7, g). Even

with weak stimulation (far below the threshold for

movement), pyramidal projection cells are excited by

shocks applied to cortical areas remote from the main

projection areas. Such connections between remote

zones and motor projection areas, although not sur-

prising, raise problems in the interpretation of map-

ping experiments in which muscle contraction is used

as an end point. Firstly, the strength of stimulus re-

quired to produce movement incurs extensive physical

spread of stimulating current; indeed, Phillips (86)

found that single shocks in the motor cortex of the

cat sufficient to produce movement (10 msec, pulse,

740 amp.) caused direct firing of Betz cells virtually

throughout the motor cortex. Quite apart from
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FIG. 8. Simultaneously recorded pyramidal responses from

the lateral column between Ci and C2 (upper traces) and the

lateral column between L2 and L3 (lower traces) in the monkey

(Dial anesthesia). Stimulus foci in precentral gyrus shown in

drawing above and enlarged sketch below. Note that stimulation

of foci below the superior precentral dimple yields only I waves

in lumbar lead. Picture above 10 msec, time scale shows re-

sponses to single shock on right; to two shocks on left. Lumbar
test response is obliterated; cer\ical test response reduced to D
component.

were found in the precentral gyrus and the rostral

part of the postcentral gyrus, but small deflections

were recorded from the entire parietal lobe and from

the cortex rostral to area 4. The reasons for the dis-

crepancy between the results obtained by the two

methods is not clear, but the complexity of the anti-

dromic potential wave and the possible errors de-

scribed by Landau (55) indicate the need for further

work.

ACTIVATION OF PYRAMIDAL TRACT BY

CORTICOPET.AL AFFERENT SYSTEMS

Direct cortical stimulation is an unnatural means

of exciting the pyramidal tract. A more nearly natural

approach is to excite Betz cells via corticopetal

(thalamocortical, callosal, etc.) pathways. As first

shown by Adrian & Moruzzi (i), in cats anesthetized

with chloralose, a volley fired into the ascending

systems, evoked by a shock to a peripheral nerve or to

skin, generates a corticofugal discharge which can be

recorded from the bulbar pyramid. The input to the

cortex may be monitored by lemniscal, thalamocorti-

cal or surface cortical recordings; the cortex may thus

be analyzed as a reflex center. Figure iiA shows the

responses to superficial radial nerve stimulation re-

corded by an electrode inserted to the positions shown
in figure iiB and C. When the electrode is in the

pyramid, the response usually consists of a simple

positive or positive-negative wave of smooth contours

suggesting asynchronous firing of pyramidal axons

over a period of 15 msec, or more. Each pyramid

discharges to a stimulus delivered to either side of the

body, but the ipsilateral response is usually more
labile and of longer latency (15 to 20 msec, for fore-

limbj than the contralateral response (10 to 12

msec). Both ipsilateral and contralateral responses

are readily abolished by asphyxia, barbiturate injec-

tion or an undercutting of the sensorimotor cortex

ipsilateral to the recording site (fig. 12). Volleys

originating in the hind limb, the forelimb, or in cu-

taneous or muscle branches of nerve trunks are

equally effective in provoking the discharge.

When the electrode is inserted dorsal to the pyra-

mid, the corticofugal discharge is smaller, but an

early deflection appears about 5 msec, earlier (figs.

II, 19). Sometimes this early deflection is recorded

when the electrode tip is in the pyramid (particularly

if a deep puncture has previously been made), but it

is always of maximal amplitude when the electrode

is about 1.5 to 2.0 mm dorsal to the pyramidal sur-

face. Since this is the location of the medial lemniscus,

the early deflection is reasonably ascribed to ascending

lemniscal impulses rather than to a 'pyramidal aflfer-

ent system,' as described by Brodal & Kaada (16).

In barbiturate-anesthetized or decorticated prepara-

tions in which the corticofugal discharge is lacking, the

lemniscal discharge may be recorded in isolation

(fig. 12).

The pathways for the ipsilateral corticofugal dis-

charge are of interest because the afferent pathways

to the sensory cortex are thought to be crossed for the

most part. Chronic ablation of somatosensory area II,

which receives an uncrossed input, does not abolish

the pyramidal discharge to ipsilateral sensory stimu-

lation. Although a callosal volley is capable of initiat-

ing a pyramidal discharge, the ipsilateral response to

forelimb afferent stimulation is independent of the

contralateral hemisphere because ipsilateral responses

persist in chronically hemidecorticate cats. The ipsi-

lateral response must therefore depend on an un-

crossed afferent pathway to the cortex. That the

uncrossed pathway is capable of exciting cells in soma-
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LUMBAR CERVICAL

FIG. 9. Maps from two monkeys (Dial anesthesia) showing cortical regions from which pyram-

idal responses were evoked in the lateral column at Li {left) and the lateral column at Ci (right)

obtained with diflTerent stimulus intensities. Responses from stimulating stippled regions showed

Vjoth D and I waves, those from areas with horizontal bars only I waves. Stimulus (o. i msec.) moni-

tored and kept constant throughout; upper map, 41.5 ma; loiver map, 59 ma. D waves from the post-

central gyrus probably resulted from current spread.

FIG. 10. Cortical regions from which antidromic potentials are recorded following stimulation

of bulbar pyramid in cat (left) and monkey' {right). Heavily hatched areas, large responses; lightly

hatched areas, small responses. [From Woolsey & Chang (112).]

tosensory area 1 is shown in figure 1 3 in which a Betz

cell was fired by either contralateral or ipsilateral

forepaw stimulation. Whether recorded as unitary

responses (fig. 13) or as multiunit pyramidal dis-

charges (figs. II, 19), the ipsilateral response is

characteristicallv more Iragilc and variable and has a

longer latency than the contralaterally evoked dis-

charge. In single-unit recording, lower firing proba-

bility and greater variation in the number ol spikes in

the train and in the latency of the first spike distin-
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guish ipsilateral from contralateral responses. All of

these properties suggest that the uncrossed afferent

pathway to the Betz cells is less direct (i.e. entails a

greater number of synapses) than the crossed pathway.

Conditioning-testing procedures suggest overlap

between callosal and thalamocortical pathways to the

Betz cells. The pyramidal response to contralateral

forepaw stimulation is depressed for 400 to 500 msec,

following a discharge elicited by a callosal volley

evoked by a single shock to the opposite hemisphere,

and a similar interaction occurs when the forepaw

shock is used to condition a discharge evoked by

callosal stimulation. Similarly, corticofugal discharges

elicited by ipsilateral and contralateral forepaw stimu-

lation show depressive interaction (sometimes fol-

lowed by supernormality) with conditioning-testing

shock intervals up to 200 msec. Forepaw-hindpaw

(contralateral) tests reveal less interactive depression.

Whether the interaction is occlusive or inhibitory has

not been determined (2).

In addition to the primary afferent and callosal

pathways, the thalamocortical pathway responsiijle

for the augmenting response (31) can elicit a pyrami-

dal discharge which begins during the positive phase

of the augmenting wave seen with bulbar recording

(21, 79). Stimulation of the pontine reticular forma-

tion blocks both the positive component of the aug-

menting response and the pyramidal discharge (79)

Pyramidal discharge is also associated with the cortical

spontaneous spindle bursts (14) of barbiturate-anes-

thetized or sleeping animals (i, 21, 109). In contrast,

Brookhart & Zanchetti (2

1

) did not find any pyrami-

dal discharge or change in pyramidal excitability

during elicitation of the recruiting response (30) by

low-frequency repetitive stimulation of diffusely pro-

jecting thalamic nuclei. These authors ascribe Arduini

& Whitlock's contrary findings (5) to contamination

of the recruiting response with an augmenting re-

sponse. On the basis of other evidence, Towe (98) has

suggested that Betz cells discharge during cortical

primary, repetitive and augmenting responses, but

not in secondary or recruiting responses.

TIMING OF BETZ CELL DISCH.^RGE

Simultaneously recording the pyramidal discharge

and the surface cortical response following a shock

to a peripheral nerve provides data for estimating the

cortical delay in Betz cell excitation. Such an experi-

ment in a cat under chloralose-decamethonium anes-

thesia yielded the records in figure 14. The upper

FIG. 14. Cortical delay of py-

ramidal discharge in a cat (chlor-

alose-tubocurarine anesthesia),

.^bove are shown responses

recorded in the bulbar pyramid

{upper) and on the surface of

somatosensory area I (lower) fol-

lowing shock to contralateral

ulnar nerve. .Middle and tower

traces show D-I complexes re-

corded in the pyramid following

a single shock to area I. Middle

trace, 10 msec, time scale; lower

trace, I msec, time scale.

trace shows the pyramidal response (at the level of

the trapezoid body) to stimulation of the contralateral

ulnar nerve; the lower trace shows the cortical re-

sponse simultaneously recorded in somatosensory area

I. The pyramidal discharge began 4.6 msec, after the

beginning of the cortical response and during its

positive phase (4). The middle and bottom records

are slow and fast sweeps of the pyramidal response to

cortical stimulation, made to determine cortex-to-bulb

conduction time, which proved to be 0.52 msec. The

cortical delay in Betz cell excitation was thus about

4.1 msec. In other experiments, values ranging from

4.0 to 7.5 msec, were found. Such calculations are

obviously only approximate and err in the direction

of overestimation of the delay because a minimal

conduction time (D wave latency) from cortex to bulb

is subtracted. Errors due to conduction time can be

eliminated by simultaneously recording the spike

activity of individual cortical cells and the surface

response. Betz cells can be identified by their ability

to follow antidromic pyramidal stimulation at repeti-

tion rates of 100 per sec. or greater. (Spikes ortho-

dromically excited by current spread to medial

lemniscus do not follow repetitive stimulation at rates

exceeding 10 to 20 per sec.)

The Betz cell in somatosensory area I character-

istically responds to a single orthodromic volley from

the contralateral forepaw with a repetitive burst con-
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among the cortical cells firinc; earliest, discharge of a

far greater number is delayed until the rising limb of

the C wave. This pattern is consistent with the sugges-

tion of Lorente de No (75) that corticofugal cells are

mainly excited through cortical interncurons inter-

posed between them and the primary afferent plexus

in layers III and I\'.

The data presented in the left part of figure 15 give

only a partial picture of the contriijutions of cortical

cellular spikes to the total cortical activity resulting

from an incoming afferent volley because only initia-

tion of firing is represented. Many cortical units

(especially Betz cells) fire repetitively in response to

a single shock to the foot pad or a peripheral nerve.

The discharge train of a Betz cell may occupy 10 to

15 msec. To estimate total contributions for each of

140 recorded units, probabilities of spike discharge

(irrespective of the spike position in the train) were

computed for each millisecond interval up to 44

msec, after a shock to the contralateral forepaw. Five

discharges were measured to compute the probabili-

ties.' Summation of the proijabilities of individual

units gives a measure of the probable number of

spikes during each interxal. Data from 74 Betz cells

and 230 other cortical elements are illustrated in the

right part of figure 15, along with the reconstructed

surface recording. The greatest spike activity occurred

during the intennediate time range between peak

positivity and peak negativity of C, but compared to

that in figure 15 (/c/0, the distribution is skewed to

the right, with 1 9. i per cent of the total spike activity

coinciding in time with the descending limb of the

negative portion of C. The firing pattern of the Betz

cells considered alone was similar to that of the whole

population: 18.4 per cent during the descent of C,

57.0 per cent from peak positivity to peak negativity

of C and 24.6 per cent later than mean peak nega-

tivity of C.

A more instructi\e analysis of the spread of cortical

excitation involves comparing the activity of units

isolated at different depths in the cortex. Unfortu-

nately, vk'ith present methods, estimating the depth of

units recorded with microelectrodes is subject to

several errors which may be serious since the cat

somatosensory cortex is only 1800 to 2000 n thick.

For example, dimpling of tissue by the advancing

electrode probably makes apparent depth greater

than actual depth. This error can presumably be

minimized by using fine electrodes or by opening the

' Usually, the first five discharges recorded after isolation of

the unit were selected for measurement to minimize cflfects of

injury and deterioration.

pia, although the latter procedure certainly entails

injury at least to the superficial cortical layers. Also,

there is no certainty that recording depth is a valid

measure of depth of cell body because volume pickup

from distant cells and recording from parts of cells

(dendrites) remote from the perikaryon are possible.

(Despite \igorous and often apparently judicious ar-

gument to the contrary, it must be admitted that the

suggested contributions of individual cell parts

—

dendrites, axons, perikarya—to unitary recordings,

whether they be intra- or extracellular, are no better

than educated guesses.) In the present account,

micromanipulator readings of depth have been as-

sumed to approximate the depth of the cell body.

Figure 16 (left) shows the initial latency of units

orthoclromically fired by shocks to the contralateral

forepaw, plotted as a function of depth. Units not

satisfying the criteria for Betz cells are shown as dots;

Betz units as crosses. The ordinate also shows the

average limits of the cytoarchitectural layers as de-

termined from measurements on frozen sections (cf

67). Within each layer there was considerable spread

in latency values as might be expected from horizontal

synaptic spread within layers. However, close inspec-

tion reveals that latencies tended to be longer in the

superficial layers and to decrease progressively to

minimum values in layers III and IV (the locus of

the thalamocortical specific afferent plexus). This

tendency is shown more clearly in the right half of

figure 16, where the mean initial latency for each

layer is plotted. The progressively increasing firing

latency toward the surface from layers III and IV

accords with the temporal and spatial pattern of the

spread of electronegativity measured with gross pene-

trating electrodes (4; Towe, unpublished observa-

tions).

It has l:)een argued (4) that the rate of progression

of maximal negativity is too slow to be accounted for

by conduction through apical dendrites at reported

characteristic conduction rates (22-24). That the

spread to the surface is synaptic is further suggested by

the fact that there is an inverse relation between

initial latency and maximal repetitive rates which

cortical units will follow faithfulK', failure to follow

high rates of stimulation being characteristic of cells

activated via multisynaptic pathways.

Activation of the internal lamina is more complex;

units in layer V are activated later than those in

layers III and IV, suggesting synaptic spread of activ-

ity downward; but layer VI contains a population of

units (some Betz cells, some not) which fire with brief

delays. The differences of mean values for firing
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FIG. 1 7. Response of Betz cells to threshold and suprathresh-

old antidromic pyramidal shocks in cats under chloralose-

decamethonium anesthesia. Left column, unit responses; right

column, surface responses (area I). Upper. Response to threshold

stimulus (o.oi msec, pulse) to bulbar pyramid; single spike on

left followed repetition rates of 100 per sec. (not shown). Middle.

Responses to suprathreshold (0.04 msec, pulse) pyramidal shock

;

only first of three spikes in left figure followed 100 per sec. stimu-

lus rates (not shown). Lower. Shock to contralateral forepaw

precedes suprathreshold pyramidal shock ; note in test responses

that late spikes are blocked and late surface dettcction attenuated.

Time, 2 msec. (From Patton & Towe, unpublished observa-

tions.)

many units splitting cannot be demonstrated even

with stimulation rates up to 200 to 300 per sec.

Phillips observed the inflection in 7 of 16 cells.

Unfortunately, Phillips did not study orthodromic

excitation of Betz cells, but his figure 4 shows spikes

elicited in a unit (not a Betz cell) by a strong shock to

the pyramid which clearly exerted its effect by spread

to the medial lemniscus. The spike arises from a slowly

developing prepotential similar to that observed in

intracellular recordings from orthodromically excited

motoneurons (see also 4, fig. i). Also, in spontaneoush-

arising trains, spikes were preceded by slow depolari-

zation which was abolished by the spike only to build

up again to the firing level which varied only within

narrow limits.

Following a spike (antidromic or spontaneous), the

membrane potential often showed an increase which

decayed o\'er a period of about 50 msec. Phillips

ascribed this postspike hyperpolarization to inhil^itory

action of recurrent axon collaterals, comparaljle to

that described for spinal motoneurons (32); but on the

basis of evidence discussed below, this explanation

must be rejected. It is more probable that the post-

spike hyperpolarization is comparable to that de-

scril)cd in the lightly stretched stretch receptor of

crustaceans (34) where there are no recurrent col-

laterals. In the latter instance, hyperpolarization

(relative to the prespike memljrane potential) results

when the antidromic spike invades the slowly conduct-

ing dendrites. The depolarizing effect of the dendritic

generator potential on cell body membrane potential

is probably reduced either because the potassium

permeability of the cell body is increased during

recovery or because the generator potential is tem-

porarily ol:)llterated after the spike invades the genera-

tor region. Similar postspike hyperpolarization has

been described in other excitable structures in which

membrane potential was reduced prior to firing. In

Phillips" experiments on lightly anesthetized animals,

some depolarization of cells was suggested by the

spontaneous firing and by membrane potentials lower

than expected for 'resting' neurons. That the apical

dendrites of Betz cells, like the dendritic terminals of

crustacean stretch receptors (33, 34, 48), are sites of

nonpropagated generator potentials which bias the

excitability of the cell body (23) remains to be proved,

but has been ably and convincingly argued by Clare

& Bishop whose papers (28, 29) may be consulted for

summary and references.

Extracellularly recorded spikes of Betz cells (figs. 13,

17, 18) do not differ significantly from similarly re-

corded spikes of other cortical cells (3, 66, 67) ; they

are usually positive-negative, occasionally negative.

Antidromic spikes are often indistinguishable from

orthodromically elicited spikes, but occasionally

there are minor differences, as in figure 18 in which

the antidromic spikes are consistently of greater ampli-

tude than the orthodromic.

RECURRENT .\XON COLL.\TER.\LS OF BETZ CELLS

The axons of Betz cells give off a profusion of

collateral branches within the gray matter (23, 74, 88).

Axon collaterals of cells in the internal lamina not

only ramify within layers V and \\ but course up-

ward to branch among the cells of layers III, II and

even I. Layer I\' apparently receives few axon col-
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FIG. 1 8. Interaction of antidromically and orthodromically evoked spike activity of Betz cells

in cats anesthetized with chloralose. Left. /, response of Betz cell in somatosensory area I to shock

to contralateral forepaw; 2-8, responses to threshold pyramidal shocks and contralateral forepaw

shocks delivered at different time intersals. Pyramidal shock artifact marked by white dot under

traces. Right. Diagram of similar data from two Betz cells showing four samples for each condi-

tioning-testing interval. Heavy line, antidromic spike; dotted line, expected position of blocked anti-

dromic spike; light line, orthodromic spike. (From Patton & Towc, unpublished observations.)

laterals from neurons of other layers. The prominence

of the collateral system has led to some investigation

and considerable speculation concerning its function.

Chang (25) deduced, from analysis of antidromic

potentials recorded from the cortical surface in rab-

bits, that the collaterals are capable of re-exciting

Betz cells to produce repetitive discharge. Patton &
Towe (unpulalished observations) have been unable

to confirm this in cats (fig. 17). The response of Betz

cells to a threshold antidromic pyramidal shock was

invariably a single spike of short latency and was

capaljle of following high rates (100 to 200 per sec.) of

repetitive stimulation. With stronger stimulation, one

or more late spikes followed the early spike, and a

positive deflection of about 3 msec, latency was

grafted onto the surface cortical response. The late

positive surface wave was greatly attenuated, and the

late spikes failed at stimulus rates of 20 per sec. More-

over, both the late spikes and the late positive wave

were blocked bv an antecedent shock to the contra-

lateral footpad (fig. 17). It thus seems likely that

repetitive firing to antidromic shocks occurs only

when the stimulus spreads to the lemniscus.

Nor do the recurrent collaterals cause detectable

inhibition, as suggested by Phillips (85, 86) and Pur-

pura & Grundfest (87). Figure 18 shows experiments

in which antidromic and orthodromic volleys were

delivered to the cortex in combination and at various

conditioning-testing intervals. In no instance was

antidromic invasion followed by depressed excitability

beyond that expected from refractoriness. The func-

tion of recurrent axon collaterals of Betz cells remains

problematical.

PYRAMIDAL FIBER SIZES AND CONDUCTION VELOCITIES

In all species the pyramidal axons are characterized

by their fineness (20, 60); in man, only 61 per cent

are myelinated and of these, about 90 per cent are of
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A delta, or Group III, size (less than 4 /i in diameter).

Only 1.75 per cent of the myelinated fibers are in the

group I diameter range (i 1-22 ix).

Conduction velocities of pyramidal tract fibers were

first determined by Lloyd (72) in a study which is

noteworthy because it is one of the few in which strict

attention was given to eliminating extrapyramidal

fibers; recordings were made in the lateral column of

the cord of decerebrate cats following stimulation of

the bulbar pyramid above a section transecting all of

the bulb but the pyramids. Maximal conduction

velocities were 60 to 65 m per sec, and although mini-

mal velocities were uncertain, elements conducting at

rates as low as 18 m per sec. were detected. Brookhart

& Morris (20) observed two components in the anti-

dromic complex recorded in the bulbar pyramids

following shocks to the lateral cokimn of the cord, one

conducting at maximal rates of 100 to 160 m per sec.

and the other at 45 to 55 m per sec. It seems likely

that the rapidly-conducting component represents

activity in other (perhaps reticulospinal) systems. In

one monkey, Patton & Amassian (80) recorded D
waves conducted over 14 cm from cervical to lumbar

cord at 52 m per sec. Bernhard et al. (10) found maxi-

mal velocities of 60 to 70 m per sec. in the monkey.

These values are consistent with the anatomically

determined fiber spectrum of the pyramid.

Conduction velocities computed for the cortex-to-

bulb portion of the pyramid are often higher than

those found for the bulb-to-cord portion. Thus, Wool-

sey & Chang (112) estimated that antidromic im-

pulses traversed the distance from bulb to cortex at

speeds ranging from 100 down to 1.8 m per sec.

Patton & Amassian (80) sometimes found D-wave

conduction times from cortex to bulb suggesting maxi-

mal velocities up to 80 to 100 m per sec. Bertrand (12)

found D-wave velocities of 89 m per sec. from supple-

mentary motor cortex to cervical cord. It is uncertain

whether the high computed velocities in these experi-

ments result from inaccurate estimation of conduction

distance, or whether they reflect the true mean veloc-

ity of the upper corticospinal fibers before they have

become attenuated in diameter by collateral branch-

ing in the pons and midbrain. Single unit recording of

antidromic spikes in Betz cells give values closer to

those found for the bulb-to-cord portion of the tract.

Patton & Towe (unpublished observations) found

units conducting from 64.0 to 5.6 m per sec. (assuming

conduction distance of 43 mm), and Phillips (85),

using intracellular recording which probably prefer-

entially selects large cells with large axons, found

values from 78 to 18 m per sec.

Bishop ('/ al. (13) recorded from the surface of the

pyramid a bimodal compound action potential follow-

ing a shock to the pyramid at the level of the trapezoid

body. We have confirmed their findings; in our experi-

ments, the two deflections have velocities of 59 m per

sec. and 14 m per sec, and clearly represent two fiber

groups, for their refractory periods are independent

of one another and the threshold for the fast group is

lower than that for the slow group. Whether both

groups traverse the pyramids is not clear. According

to Bishop and his co-workers, the excised pyramidal

tract shows a similar compound action potential, but

it may be questioned whether pyramidal fibers can

truly be separated from lemniscal and other fibers by

this procedure. Following contralateral pyramidal

stimulation, both waves may be recorded from the

lateral surface of the cord as far down as the third

lumbar segment, and cord responses are abolished by

pyramidal section below the point of stimulation (49).

AFFERENT FIBERS IN PYRAMIDS

The bulbar pyramid has long ijeen considered a

purely descending bundle. This view is challenged by

Brodal & Walberg (17) who saw degeneration in the

pyramid (prepared with Marchi and Glees silver

stains) following lesions of the lateral or ventral spinal

cord and in the dorsal column nuclei of cats. Some

of the ascending fibers are said to arise from cord seg-

ments as far caudal as the fifth lumbar segment (but

mostly from cervical segments) and to join the pyra-

mids at the decussation where some cross and others

continue on the same side through the bulbar pyra-

mids, the peduncles, and the internal capsule to the

sensory and motor area of the cortex. .A a;reater num-

ber of fibers are said to arise from the dorsal column

nuclei (particularly the cuneate nucleus) and to follow

a course similar to that of the fibers arising from

spinal segments. Both groups of fibers give off collat-

erals to the pontine nuclei. A similar system of ascend-

ing fibers has been described in the pyramid of man

(78). The numbers of ascending fibers are small (only

about 4 per cent of the total pyramidal population).

Perhaps this accounts for the fact that no clear-cut

evidence of their presence can i)e found in- electrical

recording methods. The afferent acti\ily recorded by

Brodal & Kaada (16), and ascribed by them to as-

cending fibers in the pyramid, is clearly ascribable to

volume pickup from the medial lemniscus (see figs. 19,

20), as can be shown by careful histological verifica-

tion of recording sites and differential recordings (54,

82).
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FIG. 19. Bulbar responses to forepaw and cortical stimulation

in cats anesthetized with chloralose. Upper. Responses to contra-

lateral and ipsilateral forepaw stimulation recorded at the

points indicated in the drawing. Depth from surface of pyramid

indicated by numbers at /(//. Note different locations for maximal

recording of afferent wave and corticofugal wave. Lower. Left

column shows D-I complexes evoked by stimulating the ipsilat-

eral area I; right column, responses to contralateral forepaw

stimulation. Depths indicated by numbers. Note different

locations for maximal recording of afferent wave and D-I

complex (corticofugal wave is small because of cortical expo-

sure).

TOPOGRAPHICAL ORGANIZATION AND COURSE

OF PYRAMIDAL TRACT

It has been pointed out previously that the cortical

origins of the pyramidal fibers destined for the cervical

and lumbar spinal segments are recognizably distinct

(although overlapping at the borders) and correspond

to the classical arm and leg motor subdivisions as

PYRAMID—"

-\

— AFFERENT WAVE— D WAVE

1.0 2.0 1.0 2.0
MM. FROM SURFACE

FIG. 20. Graphic representation of data from fig. 19. Ordinate,

size of response; abscissa, depth of recording electrode in milli-

meters from the pyramidal surface.

determined by mapping foci for movement.'" Indeed,

such mapping experiments indicate an overlapping

mosaic of cortical foci controlling individual muscles

(26). Unfortunately, the attractive and likely hypoth-

esis that pyramidal origins are similarly discretely

localized cannot be tested by experiments in which

both pyramidal and extrapyramidal origins are ex-

cited.

To what extent is the cortically established separa-

tion of arm and leg pyramidal P.bers maintained in the

descending course of the tract? According to Barnard

& Woolsey (6), who traced Marchi degeneration in

monkeys following carefulK' controlled discrete corti-

cal lesions, some degree of topographical organization

is seen in the internal capsule but with considerable

overlap. Leg fibers are situated most caudally in the

posterior limb of the capsule, with fibers for distal

arm and proximal arm located more rostrally in that

order. At the midbrain and pontine levels, the separa-

tion becomes less distinct; and at the bulbar and

spinal levels, fibers destined for the arm and leg seg-

ments are thoroughly mixed. Both Tower (103) and

Mettler & Mettler (77) observed that deficits resulting

from partial pyramidal lesions were equally prominent

in forelimb and hindlimb.

'" This fact has been questioned by Glees & Cole (40) on the

basis of finding 17 degenerated fibers (Marchi stain) in the

lumbar lateral column of monkey following a cortical lesion

said to be restricted to the arm and face motor disisions. Even

discounting the capricioiisness of the method and the oppor-

tunity for injury to cortical regions other than those intention-

ally ablated, this finding appears an inadequate challenge to

the doctrine of topographical organization; no one seriously

questions some overlap of cortical topographical regions. That

pyramidal fibers destined for lower cord segments do not give

off a significant number of excitatory collaterals in the cervical

region was first shown by Frohlich & Sherrington (36) who
noticed that antidromic corticospinal stimulation in the oral

end of the severed thoracic cord produced no forelimb move-

ment.



858 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

The course of the pyramidal tract in the spinal cord

has been traced repeatedly with degeneration tech-

niques (6, 27, 39, 40, 44-46, 60, 65, 89, 90, 93, 96).

The major bundle is crossed and occupies the lateral

column, but a variable number of uncrossed fibers in

the lateral and ventral columns have been described.

D waves following stimulation of the precentral gyrus

in monkey are recorded only in the contralateral

lateral column. (Surface electrodes on either side of

the cord record a triphasic deflection larger on the

contralateral than on the ipsilateral side. That the

ipsilateral recording results froin volume pickup from

the opposite side is indicated by the fact that penetra-

tion converts the contralateral response to a pure posi-

tive deflection, but the ipsilateral responses remain

triphasic regardless of depth of recording. ) Bertrand

(12) found prominent ipsilateral responses following

stimulation of the supplementary motor area.

The spinal extent of the tract is variable in different

species; in the cat, monkey and man, it reaches the

lumbar segments. However, the distribution to differ-

ent segments is unequal; in man, 50 per cent of the

fibers terminate in the cervical region, 20 per cent in

the thoracic and 30 per cent in the lumbrosacral seg-

ments (107). Uncrossed fibers appear to be destined

largely for cervical segments.

SPINAL MECHANISM OF PYRAMIDAL TRACT

The connection between pyramidal tract fibers and

motoneurons in the spinal cord has been investigated

repeatedly with a variety of anatomical techniques.

In the cat it appears that no fibers terminate directly

on anterior horn cells." After lesions of the sigmoid,

the coronal or the anterior ectosylvian gyri, pre-

terminal degeneration was found largely in the base of

the contralateral dorsal horn with a few degenerating

terminals in the intermediate gray. No degeneration

was found in the ventral horn.

These anatomical findings are amply confirmed by

electrophysiological studies. Lloyd (72) found that a

volley initiated in the cat bulbar pyramid (after sec-

tion of other descending and ascending tracts)

reached the lumbar cord after about 4.5 msec, and

because of temporal dispersion, persisted for 10 msec,

or more. The earliest postsynaptic activity was in the

external basilar region and occurred very shortly after

" The authors arc indebted to W. VV. Chambers and C. N.

Liu for permission to use material from a manuscript in prepara-

tion describing studies with Nauta stain of degeneration in the

cat spinal cord following cortical lesions.

arrival of the pyramidal volley, although exact

measurements were made impossible by the pro-

longed asynchronous discharge of the pyramidal

collaterals which intermingle with the external basilar

interneurons. A single pyramidal volley is capable of

eliciting a discharge in these elements lasting 20 to

30 msec. ; whereas four shocks at brief intervals in-

crease the discharge duration to some 40 msec. It

thus appears that the cells of the external basilar

region constitute the major direct target of pyramidal

endings.

Cells in two other regions of the cord fire only later;

these are the solitary cells of the dorsal horn (latency,

9 to 10 msec.) and the cells of the intermediate gray

substance (latency, 12 to 20 msec). Neither of these

groups responds to single pyramidal volleys but re-

quires usually three or more before beginning to dis-

charge. It seems likely that most of the presynaptic

drive to these elements is relayed through the external

basilar interneurons, although the possibility of sparse

direct connections with pyramidal endings cannot be

excluded.

The influence of pyramidal volleys on motoneurons

is most conveniently studied by measuring the facilita-

tion of segmental monosynaptic discharges following

pyramidal conditioning. Such facilitation is detectable

only after three or more pyramidal volleys, delivered

at brief intervals, and has a latency of 1 2 to 20 msec,

measured from the first pyramidal shock. Since moto-

neuron facilitation closely parallels in time the dis-

charge of interneurons in the intermediate gray sub-

stance, it seems proiaable that the two events are

causally related and that most pyramidal impulses

are relayed through external basilar and intermediate

interneurons before reaching the motoneuron. This

conclusion is further supported by the fact that pyra-

midal volleys regularly facilitate three-neuron-arc dis-

charges (which can be facilitated at the interneuronal

as well as at the motoneuronal level) soine 3 msec,

earlier than the monosynaptic discharge (which, of

course, can be facilitated only at the motoneuronal

level). The sequence of events can thus be summarized

as follows. The pyramidal volley reaches the lumbar

cord about 4.5 msec, after bull^ar pyramidal stimula-

tion. External basilar cell discharge apparently re-

quires a summation period of about 4.5 msec, since

facilitation of trisynaptic arcs is not detected until 9

msec, after conditioning. After a summation time of

another 3.0 msec, solitary cells and intermediate

neurons begin to discharge, leading to motoneuronal

facilitation at about 12.0 msec. The relationships are

shown diagrammatically in figure 21.
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FIG. 21. Diagiam of spinal connections of pyramidal tract

fibers in the cat. E, small cells of the external basilar region ; /,

intermediate gray nucleus of Ramon y Cajal; />, other neurons

of the intermediate region; M.N., motoneurons; P, pyramidal

tract; P,A., primary afferent collaterals; S, solitary cells of the

dorsal horn; VR., ventral root; 2, 3, and 3a, terminal collaterals

of the primary afferent system. [From Lloyd (72).]

It is of interest that, in the cat, the influence of

pyramidal conditioning on motoneuronal discharge

was invariably facilitatory. In a few instances inhibi-

tion of tonic discharges in interneurons was observed,

but the over-all effect on ventral root discharges was

facilitatory. It is likely that interneuronal inhibition

reflects reciprocal innervation; to determine the effect

of such reciprocal innervation of interneurons on

motoneuronal excitability would require separate

recordings from motor nerves supplying antagonistic

muscles rather than ventral root recording which

samples motoneurons without regard to peripheral

destination. Such experiments have not been per-

formed.

In the monkey, where the pyramidal tract is more

highly developed than it is in the cat, there appear to

be some direct connections between pyramidal axons

and motoneurons. Hoff & Hoff (46) found degenerat-

ing boutons on motoneurons in monkeys surviving

precentral lesions. Figure 22 shows the distribution of

FIG. 22. Degeneration in cervical spinal cord of monkey

following lesion of arm motor area. Photograph at upper right

shows lesion as revealed at autopsy i o days after operation.

Diagrams on left show distribution of degenerating terminals at

indicated spinal lesels. In lateral columns density of degenera-

tion is indicated by density of shading. Photomicrograph of

Nauta-stained section from region A in Cj is shown in .4 on

right. Note absence of degeneration. B shows a comparable

section from the ventral horn contralateral to the lesion (region

B in Cs). Degenerating terminals are abundant, and many
appear to end on motoneurons (note cell on extreme right).

(Courtesy of Orville Smith and June DeVito.)

degeneration (as revealed by the Nauta technique)

in the monkey cervical spinal cord following a lesion

of the arm motor area. Degenerating terminals on and

around motoneurons at Cs are shown clearly in the

photomicrograph on the lower right (B). In agree-

ment with this anatomical evidence, Bernhard and

others (8, 9, 11, 19) found facilitation of monosynaptic

discharges occurred after arrival of a single cortically-

induced pyramidal volley with a latency too Ijrief to

permit interneuronal relay. However, monosynaptic

discharge of motoneurons occurred only after repeti-

tive cortical stimulation, and during prolonged repeti-
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live Stimulation displayed a curious periodic waxing

and waning, the origin of which is not clear. It thus

appears that monosynaptic discharge of motoneurons

by pyramidal \olleys occurs only on a background of

facilitation provided by bombardment through more

complex pathways.
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INTRODUCTION

Scope of Subject

A neurophysiological synopsis of the extrapyramidal

motor system is difficult for several reasons. First, the

Professor Jung. The introduction and conclusion were also pre-

pared by Professor Jung. The German text of Professor Hassler's

portion was translated by Dr. Johannes P. Gangloff, whose

great care is gratefully acknowledged by the authors.
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'extrapyramidal system' was defined anatomically

and, worse still, this anatomical definition was a

negative one—the central motor mechanisms ex-

cluding only those of the pyramidal tract. Second, our

knowledge concerning extrapyramidal functions

stems mainly from neurological observations in man.

The contribution of animal experiments to this field

has Ijeen relatively small. Third, a 'motor system'

without sensory control is a fiction, not even a useful

fiction. Therefore, sensorimotor integration and

dynamic interpretation must be considered here. Thus

some overlap with the other chapters on the central

organization of motor functions in this work will be

inevitable.

Literally the 'nonpyramidal motor system' would

include all motor functions that are not mediated

through the pyramidal tract. The anatomical defi-

nition as a 'nonpyramidal motor system' leads to the

difficulty that, as lower vertebrates have no pyramidal

system, evidently their entire motor regulation would

of necessity be 'extrapyramidal.' Our subject has to be

narrowed down to the physiology of the basal ganglia

and some general principles of their motor functions

in man and in some laboratory animals. Among the

functions of the basal ganglia, only motor eflfects and

their afferent control are described. For this reason

the contributions of neuroanatomy and clinical

neurology have to be considered on an unusually

large scale. This may be an excuse for the contribution

of two neurologists, one working mainly as a neuro-

anatomist (R. H.), the other as a neurophysiologist

(R. J.), and for the rather extensive space which

neurological details occupy in this chapter.

In the following we deal only with those basal

ganglia conventionally considered part of the so-called

extrapyramidal motor system. We will not treat the

amygdala and other rhinencephalic parts of the basal

ganglia nor the thalamus, except those nuclei con-

nected with the striatal system. The nonspecific

thalamoreticular system will he only briefly mentioned

insofar as auxiliary motor functions in the regulation

of sleep, wakefulness and attention are concerned. The
lower brain-stem mechanisms related to the vestibular

system are treated in other chapters of this work.

The term 'center' is used in the following approxi-

mately in the sense of Winterstein (296) as a structure

in the central nervous system without which a certain

function cannot be carried out normally and, in the

sense of Hess (108), as a device in the central nervous

system to establish connections, dependent upon the

peripheral milieu situation, the organization of which

is directed towards a definite functional result. Centers

need not always be anatomically circumscribed struc-

tures defined as 'nuclei' of the central nervous system.

Although we try not to imply that specific motor

functions can be 'localized' in certain nuclei, some
correlations seem to be well established. Thus in

general one may quite safely call the extrapyramidal

structures centers for the integration and regulation

of motor behavior.

Dcvelopniint (if Concept of Extrapyramidal Motor System

With the exception of the cortical extrapyramidal

areas and pathways, the concept of the extrapyramidal

system has its origin in the findings of human pa-

thology. The 'extrapyramidal motor system in the

narrow sense' of Spatz {237) corresponds approxi-

mately to the 'striatal system' of Vogt & Vogt {266,

269) with the exception of the dentate nucleus.

Systematic investigation of this system started in 191

1

with the observations of Oppenheim & Vogt (204)

and Wilson (294), although a particularly con-

spicuous disease of the striatal system, the 'status

marmoratus,' had already been described by Anton in

1896 (7) who proposed that this system be regarded

as comprising the structures responsible for choreo-

athetotic movements.

The existence of corticospinal pathways other than

the pyramidal tracts was first described in 1895 by

Starlinger (245, 246); in 1898 Prus (214) called them

'extrapyramidal' on the basis of other findings. These

pathways run through the tegmental midbrain and

can produce movements following stimulation of the

motor cortex even after transection of the pyramids

at the medullary level as was ascertained by Roth-

mann (222). In numerous experiments Vogt & Vogt

(267, 268) then delimited the e.xtrapyramidal motor

areas by determining the effects of cortical stimulation

before and after isolation of the stimulated areas from

the primary motor cortex.

Attempts to produce symptoms of extrapyramidal

diseases by means of lesions have failed until recently.

More recent physiological research dealing with the

extrapyramidal motor system has been based upon the

findings of Hines (113-115) and Fulton (64) and his

school concerning the origin of spasticity, as well as

the studies of Tower (254-256) concerning the results

of 'pure' pyramidal lesions, that is, lesions at the

medullary level. Thus it became clear that, contrary

to previous concepts, it was erroneous to consider all

pyramidal fibers as coming from area 4 gamma and

all extrapyramidal motor fibers as originating in the

other cortical areas. It was shown that many cortico-
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spinal fiber systems traversing the pyramids in tlie

medulla originate from extrapyramidal cortical areas,

whereas many efferent fibers from area 4 gamma do

not appear in the medullary pyramids but go to sub-

cortical nuclei, in particular to the striatum and

pallidum. Thus every cortical motor area appears to

have mixed pyramidal and extrapyramidal functions.

That the pyramids contain fibers of various diameters

and origins has been a well-known fact since the

studies of Haggqvist (74), Lassek (157) and others.

Still inadequate is our knowledge of those efferent

fibers from cortical motor areas which follow routes

not passing through the pyramids. However, in spite

of fundamental changes in our knowledge of the

pyramidal tract, we do not favor a complete abandon-

ment of the concept—in contrast to many other

authors such as Bucy (23). Since all these different

fibers constitute a tight bundle at the medullary level,

the pyramidal tract remains a well-defined and ex-

perimentally accessible structure. Many of the earlier

concepts remain valid if restricted to the largest fibers

in the pyramids, because the great majority of the

large pyramidal fibers have their origin in the Betz

cells of area 4 gamma.

The concept of 'striate" or 'extrapyramidal motor'

mechanisms has its origin in human pathology.

'Striate' or 'extrapyramidal motor' diseases are charac-

terized by one or more of the following: an excess of

spontaneous, aimless and unintentional movements,

a lack of associated and synergistic movements, a

persistent increase of muscle tone but with no spastic

pareses, and absence of essential changes in the

reflexes (84). It was the great merit of the pathological

studies of Anton (7), Vogt & Vogt (269), Alzheimer,

Wilson (294), Tretiakoff (258) and many others to

have shown that diseases with these signs occur as a

result of lesions in the striatum (the caudate nucleus

and putamen), the pallidum, the subthalamic

nucleus, the red nucleus or the nucleus niger. There

is general agreement that these latter subcortical

structures belong to the extrapyramidal motor system

in the narrow sense or to the 'striatal system.' To what

extent, however, other structures and fiber systems

should be included in this system, will be discussed

later.

Survey of Clinical Exlrapyramidal Sxndromes

Clinically two major groups of extrapyramidal

motor phenomena may be distinguished : the hyper-

kinetic-dystonic syndromes characterized by an excess

of motor activity, and the hypokinetic-rigid syndrome

or Parkinson's disease showing a lack of spontaneous

motor manifestations. The resting tremor of the

parkinsonian syndrome certainly is an involuntary

movement and therefore also belongs to the amyostatic

phenomena described by Kleist (150) and Herz (97).

On the other hand, it is very closely related to the

hypertonic syndromes, is controlled largely by anterior

horn mechanisms and therefore cannot be considered

as a genuine hyperkinetic phenomenon. Thus, to

consider the resting tremor as an aspect of the hypo-

kinetic-rigid syndrome is not in conflict with the

classification just given.

The hyperkinetic-dystonic syndromes will now be

described briefly.

a) The choreic syndrome is characterized by rapid,

involuntary jerks or fragments of movements occurring

at irregular intervals and unexpectedly involving any

muscle group of the extremities, the trunk or the head.

Both the localization and degree of violence of these

movements are variable and cannot be foreseen. Each

single hyperkinetic episode being of short duration,

the different episodes remain separated from each

other. Like all other hyperkinetic phenomena they

are considerably enhanced by sensory stimuli,

emotional stress or voluntary movements. Further-

more, voluntary movement is impaired by diflticulties

in finding correct innervation, by lack of static support

and by poor coordination (asynergism). It is impos-

sible for an affected patient to keep the same posture

quietly over any considerable period of time. Fre-

quently muscle tone is definitely decreased. The

anatomical defect responsible for the choreic syndrome

is a destruction involving especially the small cells in

the putamen and caudate nucleus.

/)) The ballistic syndrome receives its name from

its violent tossing movements which always begin in

proximal muscle groups, spread all over the limb and

last without interruption for a long time (fig. i). The

peripheral joints are affected by much .slower alter-

nating stretching and bending movements. The face

also is usually involved. The movements are so rapid,

violent and unexpected that the patient often falls

down or gets hurt by the wide swinging excursions.

When lying down, he is rolled back and forth Ijy the

movements. The limbs can hardly l)e moved \-oluntar-

ily as every movement initiates hyperkinetic episodes

which may also ije started by surprise or by emotion.

Pathological reflexes and increased abdominal re-

flexes are seen on the hyperkinetic side. Scratching of

the sole of the foot evokes a very definitely enhanced

flexion reflex. Disorders of sensibility due to simul-

taneous lesions in the major sensory pathways or in



FIG. I. Right-sided traumatic

hemiballism. Following the order

to lift both arms the affected right

arm is raised with delay and over-

shooting. The fingers take an

athetoid posture. Then suddenly

there begin forceful flexion syner-

gic movements of the right arm
and right leg with closing of the

fist (right ankle flexed by

tenotomy). After the right arm is

caught with the left, it goes in a

sudden extension together with

the right leg. During the ballistic

movement there is forced laugh-

ing. All the movements in the iG

pictures lasted less than 2 sec.

[Redrawn from motion pictures

made by Hassler (84).]

866
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FIG. 2. Athetosis of the right hand.

Left: Maximal flexion in the wrist.

Middle: Pressure is appUed to the lower

arm. Right: A few seconds later the

flexion changes to an athetotic hyper-

extension of the fingers. [From Hassler

(84)-]

their thalamic relay nuclei are present rather fre-

quently but are not related to the lesion of the sub-

thalamic nucleus. In one-fifth to one-fourth of the

cases, disorders of the autonomic nervous system,

such as hyperhidrosis, edema, vasomotor disorders

and the Bernard-Horner syndrome, were observed on

the side contralateral to the lesion; they are due to

injury of neighboring structures. In most of the cases

hemiballism is caused by a large lesion of the contra-

lateral subthalamic nucleus.

c) The athetoid syndrome is characterized by in-

voluntary movements which are slower and to a

greater extent afTect the peripheral muscle segments

of the limbs and the face. The movements are worm-

like, spasmodic, repetitious and frequently lead to

overextention ofjoints, especially of the fingers (fig. 2).

The joints have a tendency to become fLxed in ab-

normal postures. The enhancing eflfect of emotional

influences and sensory stimuli is particularly im-

portant in this disorder. Normal expressions are

always exaggerated (the 'disease of associated move-

ments' of Lewandowsky). Voluntary movements are

impaired and partially impossible. The muscles are

hypotonic although the tone is exaggerated during

the moveinents. With athetosis there are also patho-

logical skin reflexes and exaggerated normal extero-

ceptive reflexes. In most cases there is a combined

lesion of the striatum and the external pallidum,

sometimes a progressive disease of the pallidum alone.

/) The dystonic syndrome is also called proximal

athetosis because of its likeness to athetosis. Every

movement or even the intention to move initiates

strong contractions in muscle groups preventing the

movement originally intended. These muscular spasms

involve the muscles of the neck and trunk (torticollis

and tortipelvis). Strange postures and slow spasmodic

rotations of the trunk and limbs—torsions—are char-

acteristic inotor manifestations (fig. 3). It is amazing,

however, how easily complicated habits—like riding

a bicycle or playing a ball game—as well as powerful

efforts are performed. The resistance of the inuscles

to passive movement is at times below and at times

above normal. The question of the anatomical sub-

strate is still unsettled. In most cases lesions of the

putamen without involvement of the caudate nucleus

and pallidum have been reported. Destruction of the

part of the centrum medianum leading to the putamen

has been described in one hereditary case [Vogt &
Vogt (272)].

e) The myoclonic syndrome is less homogeneous.

It includes disorders characterized by quick ar-

rhythmic contractions of single muscles or muscle

groups with more or less wide movements at a fre-

quency of less than 3 per sec. and also myorhythmic

disorders of the soft palate or the pharynx muscles

which inay persist during sleep. Myoclonic move-

ments may occur in any muscle, frequently leaping

from one muscle to the other. Voluntary movements,

eiBotional stress and heterogeneous sensory stimuli

enhance all involuntary manifestations. The anatomi-

cal substrate is a lesion in the system including the

dentate nucleus, red nucleus, central tegmental tract

and olives. Pathogenetically a focus of hyperexcita-

bility seems to exist in the brain-stem reticular forma-

tion which projects both rostrally to the motor cortex

and caudally to the anterior horn cells.

j) In addition, there are more complex motor dis-

orders consisting of myoclonic manifestations or of a

combined variety of such phenomena. Besides con-

vulsive contractions in the floor of the mouth, there

are various types of organic tics and many extra-

pyramidal motor fits. In contrast to myoclonic dis-

orders, organic tics are arrhythmic but stereotypically

repeated movements of restricted muscle groups look-
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^i

FIG. 3. Torsion dystonia during intention to reach out the left hand. The movement is retarded

by spasmodic contractions of the trunk muscles and by torsion of the left arm. The fingers show
athetoid movements. The dystonia is augmented during voluntary movement. [Redrawn from
motion pictures made by Jung; from Hassler (84).]

ing much more like \-oluntary mo\-ements than do

the genuine myoclonic phenomena (yawning tics,

snorting tics). Even more complex stereotyped move-

inents of the limb and speech inuscles, like palilalia,

are known. Lesions of the striatum are most com-

monly considered as the substrate for these motor dis-

orders.

g) The hypokinetic-rigicl parkinsonian syndrome

differs from all hyperkinetic syndromes because of the

absence of spontaneous, reactive and automatic move-

ments. Motor stiffness, loss of congenital or acquired

automatisms (akinesia) and a tenacious increase of

muscle tone (rigidity) are its major characteristics.

Tremor at rest, is often present although not obligatory

when the patient is at rest. Impairment of voluntary

activity due to the loss of automatic movements and

the difficulty of initiating and performing mo\ements

rnay be even more pronounced than in many hyper-

kinetic disorders. Rigidity is not accompanied by

irradiation and enhancement of the phasic stretch

reflexes. \'oluntary movements inhifiit the resting

tremor. Autonomic symptoms such as salivation,

exaggerated sweating and seborrhea adiposa are

aspects of the parkinsonian syndrome. The anatomical

defect is destruction of nerve cells in the substantia

nis;ra.
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ANATOMY OF EXTRAPYRAMIDAL MOTOR SYSTEM

The caudate nucleus and putamen, jointly forming

the striatum [V'ogt (266)], are the highest subcortical

centers in the extrapyramidal motor system. They

may be regarded as anatomically independent of the

cortex to a great extent, since they show only spaise

retrograde degeneration following cortical deafTer-

entation or ablation, and are often extensively de-

veloped in human brains with extensi\e congenital

cortical abnormalities.

Affi'ieril Pathways

As shown in figure 4, the most important afferents

to the putamen (Put) and caudate [Cd] arise in the

centruiTi medianum of the thalamus [\'ogt & Vogt

(271)]. The larger cells in the dorsal part of the

nucleus project to the caudate, and the smaller

\'entral cells project to the putamen. In view of the

essentially complete degeneration of the centrum

medianum following destruction of the caudate

nucleus and putamen, this nucleus may be considered

as a major afferent pathway to the striatal system. In

turn, the centrum medianum receives afferents from

the midbrain reticular formation, according to elec-

trophysiological studies [Starzl et al. (247J] and

human anatomical findings [Hassler (87)]. Further

afferent pathways reach the centrum medianum

through the superior cerebellar peduncle [Uemura

(259)]. Our own findings in inan [Hassler (83)] sug-

gest that this pathway originates in the nucleus

emijoliformis which receives afferents from the 'in-

termediate part' (Hayashi) of the cerebellum. This

specifically cerebellar afferent pathway to the centruin

medianum, projecting in turn to the striatum, may

be of special significance in view of the integrative

role of efferent cerebellar impulses in most higher

motor activities. Such a role in extrapyramidal

mechanisms is no longer generally attributed to

efferents from the dentate nucleus.

Cortical afferent pathways to the putamen originate

in the precentral motor cortex, probably chiefly in

area 6, and afferents may reach the caudate nucleus

from the so-called area 4s [the strip region of Hines

(113)]. Brockhaus (15) has described a medial zone,

the fundus striati, lying in front of the putamen and

medial to the caudate nucleus and receiving afferents

from the parafascicular thalamic nucleus [Hassler

(81), Simma (234)].

Efferent Pathways

There are three major efferent systems, viz. the

striopallidoreticular, striopallidocortical and stri-

onigral. These will be discussed in more detail below.

These three systems may converge either in the

anterior gra>' matter or perhaps in the reticular

formation.

STRIONIGRAL .SYSTEM (cAUDATE PORTION). Efferent

fibers from the caudate nucleus and putamen follow

different routes to the substantia nigra and also

terminate there in different parts. Efferents from the

caudate follow the ventral surface of the internal

capsule mainly to the anterior part of the substantia

nigra and also to a dorsomedial cell group of the

posterior part (fasciculus caudonigralis). Besides a few

fibers from the tractus peduncularis transversus (Mar-

burg) from the optic tract and some from the nucleus

praestitialis [Hassler (87)], the two major paths

to the anterior part of the substantia nigra appear to

originate in the caudate nucleus and frontal cortex.

Extensive degeneration in the anterior part of the

substantia nigra following destruction of these two

afferent pathways has been erroneously interpreted as

indicating an ascending direction of nigral neurons

[Rosegay (220)]. Myelogenetic studies and examina-

tion of cases of cortical aplasia have confirmed its

independence of the cerebral cortex and the caudal

direction of its projections to the contralateral side via

the anterior quadrigeminal commissure, but their

further course is unknown.

PUTAMiNONiGRAL CONNECTIONS. Efferent fibers from

the putamen traverse the pallidum and peduncle to

terminate in the large-cell groups of the posterior

substantia nigra. These cells also receive cortical

afferents from area 6, and from postcentral, parietal

and temporal fields, and they degenerate after com-

bined lesions of the putamen and cortex. Their

efferents are directed contralaterally, as described

above. The medial group of small cells of the posterior

substantia nigra receive afferents from the fundus

striati and probably from the prefrontal c'ortex.

Direct pallidal connections to the substantia nigra are

unknown.

STRIOPALLIDORETICULAR SYSTEM. The Other main

efferent pathway from both the putamen and caudate

nucleus goes to the external pallidum which also

receives other afferents, particularly from the intra-

laminar nuclei and the nucleus limitans of the
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Normal extrapyrami

(afferent and efferent)

^^—"pyramidal system

systems of the putamen

systems of the caudate
and ruber

systems of the vestibular and
inter sTitial nucleus

systems of the reticular

formation

systems of the nigra

FIG. 4. Fiber connections of the extrapyramidal motor system

with the afferent and efferent pathways.

Slria'al systems. Afferent connections to the striatum arise

from the emboliform nucleus (Eb) of the cerebellum, pass

through centrum medianum (Cc) and reach both the caudatum

{Cd) and the putamen (Put). The caudatum has two efferent

pathways, a) to the nucleus niger anterior part (AV) where it

converges with efferent tracts from the prefrontal cortex (areas

q to 12) and b) through dorsal parts of the pallidum externum

(Pall.e) and internum (Pnll.i) to the most rostral nucleus of



THE EXTRAPYRAMIDAL MOTOR SYSTEM 8;

thalamus [Hassler (8i)] which correspond in part to

the hypnogenic zone of Hess (105) and which belong

to the ascending reticular system. This forms a non-

specific projection system for all major sensory path-

ways. Moreover, the external pallidum receives direct

the thalamus, the lateropolaris {L.po), which has two way

connections with the strip region of Hines {.p). The efferent

path of area ./j gives collaterals to the caudatum (multineuronal

feed-back path) and terminates in the red nucleus (Rii) and the

reticular formation (F.rl). The putamen has two (main)

efferent pathways, a) One goes to the nucleus niger posterior

part (.-V;), where it converges with efferent fibers from the

motor corte.x (areas ^7 and 6aa)- From the nucleus niger

posterior arises the nigroreticulospinal tract, and from the

nucleus niger anterior the efferent fibers seem to go to the

pallidum internum from which fibers to the subthalamic nucleus

{S.lh) originate. The efferent path from this nucleus reaches

the pallidum internum and probably the magnocellular part of

the red nucleus (Rii'f or a subrubral region. The efferent fibers

of the pallidum externum reach the red nucleus and the reticu-

lar formation, b) The other neuronal chain passes through the

pallidum internum, the thalamic fascicle to the anterior part

of the ventrooral thalamic nucleus (V.o.a.) which has a two-

directional connection with area 6aa of the precentral motor

cortex. This area 6aa feeds back collaterals which reach the

putamen, the direct efferent path reaching the reticular forma-

tion and probably the nucleus niger and certainly the spinal

cord through the pyramidal tract.

Pyramidal system. The connections of the large fiber part of the

pyramidal tract originate in the parvocellular dentate nucleus

(Dt) and reach the posterior ventro-oral nucleus (V.o.p) of the

thalamus which has a two-directional connection with area

^y of the precentral motor cortex; this area is the origin of most

of the largest fibers of the pyramidal tract which gives collaterals

to the putamen and posterior part of the nucleus niger.

Statokinetic systems. Ascending connections of the vestibular

and statokinetic systems arise in the vestibular nuclei (Ve) and

as vestibuloreticulothalamic fibers reach the ventrointermediate

(V.im) nucleus of the thalamus which has two-directional con-

nections with the central region of the cortex, probably with

area 3a. This ai'ea influences by efferent fibers the part of the

mesencephalic reticular formation which controls all horizontal

turning movements to the same side (see fig. 17). Another path,

the vestibulomesencephalic tract, runs to the interstitial nucleus

(Jst) which coordinates rotating movements. Its efferent path,

the interstitiospinal tract, reaches the cervical cord. Ascending

fibers go to the inner part or ventro-oral nucleus of thalamus

(V.o.i) which is in intimate two-directional connection with the

region of area 8, the frontal oculomotor field. Its efferent

fibers influence the reticular formation; here a medial part,

which controls the anterior gray column by the ventral reticulo-

spinal tract, and a lateral part, which operates mainly through

the lateral reticulospinal tract, can be distinguished. Whether

the efferent mechanism of the nucleus niger is also interrupted

in the reticular formation is uncertain.

Efferent sy.ttems. Efferent mechanisms are the reticulospinal

tracts, the rubrospinal tract, the pyramidal tract and the

central tegmental tract to the inferior olive (01) which acts as

a feed-back mechanism through the cerebellum.

connections from the medial lemniscus and the

spinothalamic tracts [Hassler (81)]. An additional

afferent pathway to the pallidum arises in the

nucleus interstitialis Hassler (88)].

PALLIDOFUGAL PATHS. Pallidothalamocortical and
descending pathways to the brain stem form the two

major efferent pathways from the external pallidum.

The most intimate reciprocal fiber connections exist

between the external pallidum, the only equivalent

of the pallidum of carnivores, and the subthalamic

nucleus of Luys {S.lh.}. There is, moreover, a large

afferent inflow to the subthalamic nucleus from the

opposite side and from the nucleus interstitialis and
praestitialis, but afferents from the brachium con-

junctivum are doubtful. The possibility of cortical

afferents to the subthalamic nucleus from regions

rostral to area 4 is supported by studies of degeneration

in human leucotomy material. Many efferent fibers

from the subthalamic nucleus return to the pallidum,

and particularly to its medial zones [VVhittier &
Mettler (293)]. Other efferent fibers descend to the

midbrain as the fiber tract Q of Sano, or as the

pallidosubrubral tract, and terminate in the midbrain

tegmentum caudal to the red nucleus (Ru), according

to our own ob.servations in partial agreement with

tho.se of Papez, W'hittier and Mettler. This activity

probably is con\eyed further caudally by reticulo-

spinal pathways and in part by fibers originating in

the large-celled caudal portion of the red nucleus and

entering the rubrospinal tract, .so inconspicuous in

man.

Fibers from tlie external pallidum also break

through the internal capsule and field H2 (fasciculus

lenticularis) to terminate in the ventromedial hypo-

thalaiTiic nucleus and in the intercalated hypothalamic

nucleus. Other fibers from the external pallidum pass

in the bundle H2 of Forel to the red nucleus and

tegmental fiber systems.

STRIOPALLIDOCORTICAL SYSTEMS. Many of the iinpulses

from the external pallidum are con\'eyed to the

internal pallidum. In contrast to older concepts, the

latter is not viewed as specifically an effector or motor

structure, but rather, by reason of its inajor pro-

jections to the thalamus, as an essential link in

afferent paths projecting to many cortical areas

[Ranson & Ranson (217), Hassler (82)]. Most of its

efferent fibers pass in the thalainic fasciculus (Hi of

Forel) to terminate in the oral part (V.o.a.) of the

nucleus ventralis lateralis of Walker, which projects
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mainly to the precentral motor area, and especially

to area 6aa in primates [Hassler (82)].

As mentioned above, the pallidum is the terminus

of an important inflow from the striatum, with fi-

bers from the caudate nucleus entering the dorsal

third or fourth of the external pallidum, and pro-

jections from the putamen entering the ventral two

thirds. The pallidal projections from the rostral

caudate nucleus are proportionately larger from the

expanded head of the nucleus. The putamen appears

to exercise control mainly over the anterior part of the

nucleus ventralis lateralis (nucleus ventralis oralis

anterior, ]'.o.a.) previously discussed, whereas the

caudate nucleus projects mainly to thalamic nuclei

further rostrally, especially to the nucleus ventralis

anterior (nucleus lateropolaris, L.po.}. Although the

theory of suppressor areas appears to have been re-

futed, it is possible that the strip region of Hines may

contain a mechanism inhibiting spinal motor activity.

Since Travis (257) has shown that a precentral lesion

causes spasticity only if the adjacent supplementary

motor area is damaged, a possible explanation of the

results of experiments on the strip region may lie in

concomitant damage to white matter with interruption

of fiber connections to the supplementary motor area

on the medial frontal surface. Thalamic projections

to this area are uncertain, but may arise in nuclei

dorsal to the anterior part of the nucleus ventralis

oralis mentioned above. It is suggested that the

supplementary motor area would receive mainly in-

direct afferents from the caudate nucleus via the

rostral pallidum and the nucleus ventralis anterior.

The neuronal chains of the internal pallidum, the

caudal chains influenced by the putamen and the

rostral chains controlled b\- the caudate nucleus all

represent important afferent pathways to clearly de-

fined cortical fields. These cortical fields are major

contributors to the pyramidal tract. Thus, this part

of the extrapyramidal system i)ecomes an afferent

pathway to the pyramidal tract. The striatal system is

dependent in turn on cortical fields which utilize the

pyramidal tracts as efferent pathways, and in a re-

stricted sense the pyramidal tract may be regarded as

part of the mechanism of extrapyramidal activities.

RED NUCLEUS. This nucleus receives its main influx \ia

the brachium conjunctivum from the magnocellular

part of the dentate nucleus [Hassler {83)]. Since most

cerebellar efferent fibers enter or traverse the red

nucleus, little is known about which of the deficiency

phenomena attributed to the nucleus result from

damage to it and which are rather the result of inter-

ruption of fibers of passage. Fibers from the external

pallidum to the red nucleus are described above.

Direct \estibular afferents are doubtful. Many authors

have described cortical connections, especially from

Hines' suppressor strip, but their functional signifi-

cance is unknown.

Two efferent pathways arise in the red nucleus. The

rubrospinal tract is composed of large fast-conducting

axons of the magnocellular part of the nucleus, but it

is poorly developed in primates and very small in man.

The central tegmental bundle leaves the dorsomedial

red nucleus from the smaller cells of the nucleus and

is fully developed only in primates. This bundle [the

ventrolateral Teilbiindel of Weisschedel (291)] is con-

nected partly with the reticular formation but

terminates to a greater extent in the inferior olives.

NORM.AL .\NU P.\THOLOGIC.\L PHYSIOLOGY OF EXTRA-

PYRAMIDAL STRUCTURES: EFFECTS OF STIMUL.'\TION

AND ABLATION IN ANIMALS AND OF LESIONS IN MAN

Up to a few years ago the physiology of the extra-

pyramidal motor system was rather sterile. Many
clinically established concepts could not be confirmed

physiologically. In the following section it therefore

appears necessary to discuss not only the results of

stimulation and destruction experiments, but also the

findings of human pathology.

Telencephalic Siriutures

striatum: ANIMAL EXPERIMENTS. The results of stimu-

lation and destruction within this highest extrapyrami-

dal motor center have long been controversial. In

spite of Ferrier's early findings (55) that faradic

stimulation of the corpus striatum causes movements

with pronounced bending of the head and the whole

body to the contralateral side, these and the locomotor

movements often observed were usually considered

to be the results of stimulation of the internal capsule

by escape current loops, particularly since von

Bechterew (273) and Rioch & Brenner (218) could

not ol^tain them after degeneration of the internal

capsule. Wilson (295), on the basis of stereotaxic

stimulation with faradic current, even considered the

putamen of monkeys as unexcitable.

The first significant results were obtained with the

Hess technique by means of low frequency stimulation

of the caudate nucleus in unanesthetized freely mo\ing

cats. This procedure produces an apparently purpose-
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FIG. 5. Contraversive turning and in-

activation produced by stimulation of

the caudate nucleus (intensity, i v. , rate,

8 per sec). Lrjt: Stimulation of the left

caudate nucleus near the internal cap-

sule causes ad\ersive movement of the

head and foretrunk to the right. Right:

Long-lasting (35 sec.) stimulation with

damped d.c. impulses elicits inaclivation

with incompletely closed eyes and pre-

served muscle tone in contrast to real

sleep. There is a slight contraversive

turning of the head. [From Hess (109)

and .\kert (3).]

FIG. 6. Somatotopic representation of turning mosemcnts in

the caudate nucleus. Circles represent projections onto the

sagittal plane of the nucleus of points within the nucleus, stimu-

lation of which evoked these movements : solid circles, head

turning with or without body concavity to the opposite side,

concentric circles, neck and trunk movements plu.s contralateral

foreleg lifting; open circles, neck and trunk movements with fore-

leg Hexion plus contralateral lifting of the hind leg. The dis-

tribution of these movements in each third of the nucleus is

indicated by the numbers at the right. [From Forman & Ward

(61).]

ful turning of the head and body to the contralateral

side [Hassler (8g)] which often becomes a circling

movement to the opposite side. These movements are

the result of well coordinated movements of the

extremities, the trunk and the neck (fig. 5, left).

Simultaneously, pupillary dilatation appears. In

similar studies, Forman & Ward (61) were able to

deinonstrate in the head of the caudate nucleus a

somatotopic localization (fig. 6). They showed that

ventral areas are responsible for contraversive head

turning combined with bending of the body, that

intermediate areas cause contraversive moxements of

the neck and trunk with lifting of the forelegs, and

that the dorsal areas cause the same effects with

additional lifting of the contralateral hind leg. Ac-

cording to Hendley & Hodes (96) these contraversive

turnings depend upon an intact connection between

the caudate nucleus and medial parts of the nucleus

niger; according to our own anatomical studies, this

is also the area where direct caudonigral fibers termi-

nate.

In further experiments Forman & Ward (61)

demonstrated the independance of these turning move-

ments of the corticospinal systems. When the motor

cortex and the caudate nucleus are stimulated simul-

taneously in unanesthetized cats, the effect of motor

cortical stimulation is not inhif)ited but a combination

occurs between contraversive turning and movements

of the extremities. Thus, it was not possible to confirm

the famous results of Met tier et at. (184) and of Hodes

et al. (116, 117) claiming a suppression of cortical

motor effects during simultaneous faradic stimulation

of the caudate nucleus. Howe\er, Forman & Ward
did observe suppression of running movements as a

result of stimulation of the putamen in one experi-

ment.

A syndrome of striatal inactivation with poor

spontaneous activity and a deficient motor responsive-

ness to external stimulation occurs after longer

lasting, low frequency stimulation of the caudate

nucleus. Hess (105) described these effects as partial

(motor) sleep. Although the animals did not roll

themselves up before going to sleep, yawning some-

tiines resulted from caudate nucleus stimulation.

Sleep has also been found to follow caudate nucleus

stimulation in monkeys and man by Heath & Hodes

(94). Briefer and stronger stimulation of this structure

induces arrest of all spontaneous movements, the so-

called arrest reaction of Hunter & Jasper (123).

Akert & Andersson (4) have also described an in-

activation syndrome evoked i)y caudate stiinulation,

as is shown in figure 5 (right), which merges into sleep.
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During this inactivation, the animals show awkward

paw and ankle mo\ements and other disorders indi-

cating disturbed proprioceptive mechanisms.

The effects of destruction of the striatum have been

extensively studied. Pourfour du Petit early considered

the caudate nucleus to be a ganglion essential for the

control of voluntary movements. Bilateral destruction

of the striatum and part of the surrounding white

matter in rabbits produces an irresistible drive to run

straight forward [Magendie (172), SchifT (226),

Lussana & Lemoigne (171)]. The injection of cor-

rosive liquids in the caudate nucleus also produced

locomotor movements directed straight ahead re-

gardless of obstacles (Beaumis, Fournier, Nothnagel).

Nothnagel (202) realized correctly that they were

complex movements and not uncoordinated con-

tractions of single muscles. He therefore assumed that

there must be a center for locomotor movements in the

caudate which he called the nodus cursorius. After the

negative results of the destruction experiments of

Wilson and of von Bechterew in the putamen and

caudate nucleus, these early observations were com-

pletely forgotten.

In monkeys and in chimpanzees tiie fact that even

bilateral lesions of the anterior edge of the caudate

iiucleus do not cause any important disorders seems

to be confirmed. Mettler & Mettler (185) were unable

to find any significant impairment of motor activity

in monkeys and cats with lesions in the caudate nucleus

of less than 3 mm in diameter. Howe\er, when most

of the caudate nucleus is destroyed, circling move-

ments occur to the side of the lesion. After destruction

of both caudate nuclei the animals show an incessant

drive to walk straight ahead regardless of obstacles

and in spite of a slight hypertonia of the hind legs

noted by Liddell & Phillips (161). The locomotor

movements of the legs are enhanced by the simul-

taneous absence of the frontal cortex. According to

Delmas-Marsalet et al. (39) unilateral destruction of

the caudate nucleus leads to the same disorders as does

unilateral labyrinth destruction. Injection of cocaine

in the ipsilateral labyrinth after unilateral extirpation

of either the caudate nucleus or the prefrontal cortex

enhances these circling movements, as does also pas-

sive turning in the direction of these movements.

Cats with bilateral caudate destruction also .seem to be

disorientated and during the first postoperative days

could not be influenced either by somatosensory,

visual, auditory or vestibular stimulation.

The theory that these lesions exert an excitatory

effect on subcortical centers must be abandoned ijc-

cause the locomotor movements last too long, can be

triggered again by tactile or proprioceptive stimula-

tion and can be enhanced by suppression of the visual

stimuli after having cea.sed spontaneously 2 weeks

after the operation. Akert & Andersson (4), however,

describe two cats with extensive bilateral extirpation

of the caudate nucleus which showed an obvious

tendency to tonic spreading of the forepaws, a re-

sponse which has been elicited by Hunter & Jasper

(123) through stimulation of the centrum medianum.

The .symptoms disappeared after 3 weeks. The ani-

mals with bilateral lesions in the caudate nucleus afso

showed extensive changes of spontaneous motor drive

and reacted like automatons following sensory stimu-

lation.

In the macaque, Edwards cS: Bagg (54) observed

tremor, decrease in spontaneous motor activity and

occasionally postural disorders after extensive i)ilateral

lesions of the caudate nucleus or the lenticular nuclei.

As Kennard (145) was able to show in monkeys, no

extrapyramidal symptoms and no tremor follow a

clean bilateral lesion of the caudate nucleus, re-

gardless of whether the operation has been performed

through the corpus callosum and the ventricle or

through area 8. Only if area 6 is also remo\'ed on both

sides simultaneously or later does a bilateral tremor

appear in addition to the typical signs of 'area 6

lesion' (namely spasticity and grasping reflex). The

intensity of the tremor in these cases depended upon

the size of the caudate lesion. It was not a typical

resting tremor but had a frequency of 8 to 12 per sec.

It appeared before and at the beginning of voluntary

movements and during the assumption of certain

postures of the limijs. Therefore, it is not to be re-

garded as a parkinsonian tremor as many investiga-

tors have done.

Bilateral stereotaxic lesions of the putamen alone

or of the putamen and globus pallidus of monkeys

produce tremor and spasticity only in the presence

of simultaneous removal of area 6. The intensity of

the tremor depends on the size of the lesion in the

putamen. Simultaneous removal of area 4 abolishes

the tremor as long as the paresis persists.

In monkeys a genuine chorea was ne\er observed

following lesions in the putamen or caudate. Occasion-

ally, irregular in\okmtary jerks of the head and the

contralateral limbs could be seen in the resting ani-

mal a few days after the operation. Only the chim-

panzee with the largest bilateral lesions in both the

caudate nucleus and putamen showed, contralateral

to the lesion, a definite chorea which lasted one

month [Kennard (145)].

There is very definite electrophysiological ex'idence
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of a functional interrelation between the cerebral

cortex and the striatum. There is a low-voltage

spontaneous electrical activity both in the caudate

nucleus and in the putamen. Howe\er, a high-voltage

spontaneous activity develops as soon as all fiber

connections with the cortex are severed. Direct stimu-

lation of the caudate nucleus or of structures projecting

to it induce slow waves of 180 to 250 msec, duration.

During this time a relatively inactive phase appears

in the isocortex, the hippocampus and the unspecific

thalamic nuclei [Umbach (260)]. After this phase

spindle acti\ity develops both in the caudate nu-

cleus and in the other structures. Spindle activity

can also be evoked in the anterior thalamic nuclei and

in the centrum medianum by deli\ering single shocks

to the caudate nucleus. Following low frequency

stimulation of the caudate nucleus the responses of

the oral ventral thalamic nuclei and the centrum

medianum are synchronized with the stimulus fre-

quency. This is also true for certain areas of the

frontal cortex. Stimulation of the saine thalamic nuclei

at higher frequency can produce a generalized de-

synchronization of the entire cortex [Shimamoto &
Verzeano (233)].

The caudate nucleus has a high seizure threshold

and a short .seizure duration. Seizure activity in

other structures also can be inhibited by caudate

stimulation [Umbach (262)]. When the excitability of

the caudate nucleus suddenly increases during a

seizure in such a way that high \oltage potentials de-

velop, there is usually a simultaneous inhibition of the

tonic phase followed by the onset of the clonic phase

of the seizure. In animals with simultaneous lesions

in the cortex and the striatum epileptic seizures and

electrical seizure activity in the EEG are ijoth par-

ticularly serious and longer lasting than in those with

cortical lesions alone [Kennard & Nims (146)].

Consequently, the caudate nucleus seems to have

(even more than the putamen) restraining functions

controlling the level of excitability of the cerebral

cortex as a whole. The lack of inhibition acutely

following bilateral caudate destruction seems to be

the reason for the transitory disorientation of the

operated cats. This inhibitory function may play an

important role under normal conditions in selectively

inhibiting impulses from other sensory systems or

from areas of activity which do not belong to the

pattern of excitation most significant at the moment.

Thus it is likely that the striatal system not only con-

trols motor acti\ity but also the cerebral cortex since

it is a link in the unspecific projection system.

striatum: studies in ma.n. Atrophy of the striatum

(putamen and caudate nucleus) was the first definite

anatomical change observed in an extrapyramidal

motor disease with a well-defined symptomatology,

namely Huntington's chorea (Alzheimer, Vogt &
Vogt). It has since been repeatedly confirmed that

destruction of the small ner\-e cells of the striatum is

the major lesion in this disease. This motor disorder

is characterized by rapid in\'oluntary aimless move-

ments with irregular distribution which is enhanced

by voluntary movement. Voluntary motility is severely

impaired by hyperkinetic in\oluntary manifestations

and also by a general muscular weakness and hy-

potonia but not by pyramidal pareses which do not

belong to the picture.

However, the lesions in Huntington's chorea are

not restricted to the striatal system but also occur

in the grey matter of the cerebral cortex, in parts of

the superior olives, in the tuberal nuclei of the hypo-

thalamus (Wahren) and in other nuclei. There are

cases with very severe chorea in spite of a very slight

involvement of the cerebral cortex. Other processes,

such as senile or encephalitic damage, may also cause

choreiform motor disorders, as in Sydenham's chorea.

Necrosis of the putamen is characteristically ac-

companied by severe hyperkinetic disorders which

may be choreiform or, as in Wilson's disease, inay be

athetotic or torsion-dystonic in character.

When perivascular foci {etat precrible) perforate

the striatum, the only clinical sign resulting is a

simple postural tremor when the patient is at rest

without hypotonia, rigor or akinesis [Hassler (80)].

According to the observations in man by

Narabayashi & Okuma and Cooper, the injection of

procaine in tlie putamen may cause a transitory

tremor at rest. Larger cystic foci in the base of the

putamen do not produce clinical symptoms, as far

as we know. More or less extensive hemorrhages in-

volving the corpus striatum often cannot be diag-

nosed by their clinical manifestations. Unilateral

removal of the head of the caudate nuclei had neithei

disadvantageous clinical effects nor therapeutic

efTects on parkinsonian symptoms, as the operations

of Meyers (187, 188) and Browder & Kaplan (16)

showed.

It may therefore be concluded that single circum-

scribed striatal foci of small or medium size usually

do not cause clinical disorders. Di.sseminated damage

in larger areas or large single foci cause both static

tremor and tremor at rest. Severe diffuse destruction

—with predilection for the small striatal celLs—causes

a choreiform hyperkinesia, it being assumed that
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there is no participation of the palHdum or nucleus

niger. The fact that it is not as yet possible to destroy

the small striatal cells selectively may account for the

difficulty of producing experimental chorea by means

of lesions in the corpus striatum. The hyperkinetic

choreic motor phenomena occasionally produced by

means of lesions in the nucleus lentiformis may be

due to an unintentional interruption of the strionigral

fascicle in the pallidum shortly before its entry into

the nucleus niger. In Huntington's chorea this fiber

tract is always degenerated and replaced by glial

proliferations [Vogt & Vogt (270)].

Concerning the functional significance of the corpus

striatum it is not possible to draw any final conclusions

because of the partial divergence between the clinical

and experimental results. However, on the basis of

all the data asailable, there is general agreement on

one point, that the striatum exerts an inhibitory con-

trol on cortical voluntary motor activity. The removal

of this inhibitory effect can no longer be compensated

when the striatal lesion has reached a certain size;

thus there appears a pathological excess of motor ac-

tivity either of rhythmic or of arrhythmic character.

Inhibition of cortical voluntary motor activity seems

to be an essential condition for the individual to be

able to concentrate temporarily on restricted sensory

perceptions or specific motor performances.

p.allidum; -^ni.m.^l experiments. Tiie differentiation

between external and internal pallidum exists only

in the primates. In carnivores and rodents there is

only one pallidum; the internal pallidum is clearly

delimited and exists independently as the nucleus

entopeduncularis. This preliminary remark is neces-

sary iiecause of the difTering experimental results

obtained in primates and in nonprimates.

Total bilateral destruction of either the pallidum

or the nucleus entopeduncularis has not yet been

successfully accomplished in subprimate mammals.

In cats and dogs no motor effects occur following

unilateral focal (but not total) destruction in the

pallidum, except an occasional diminished use of the

contralateral extremities. If combined with unilateral

lesions of the putamen, they produce a marked hyper-

tonus of the contralateral extremities with impairment

of postural reflexes. In the macaque small lesions

also have no lasting effect [Wilson (295)]. As Kennard

(145) observed, monkeys with bilateral isolated

stereotaxic lesions in the pallidum (without simul-

taneous lesions in the putamen) did not show any

abnormalities of behaxior. .Such symptoms appeared

only after additional removal of area 8 which caused

an increase in spastic tonus and an action tremor.

However, in all cases where larger lesions in the

pallidum had been made, a definite action tremor with

hypertonia was observed probably as a result of inci-

dental damage to the internal capsule and other

structures.

According to Mettler (182, 183) bilateral destruc-

tion of the pallidum without simultaneous cortical

or capsular lesions produces loss of associated move-

ments in monkeys; the animal becomes inactive and

cataleptic, and retains for some time even very un-

comfortable postures passively imposed upon it.

Similar effects following Ijilateral lesions of the hypo-

thalamus were called catalepsy by Ranson and

Magoun, as was the chronic somnolence with EEG
synchronization following destruction of the anterior

midbrain reticular formation in the macaque and in

cats [French & Magoun (63)]. They correspond to

the so-called adynamic state of Hess obtained in the

cat after bilateral lesions in the posterior hypo-

thalamus and anterior midbrain, that is after destruc-

tion of the so-called dynamogenic zone. Only in

monkeys [Brown (18)] and chimpanzees [Kennard

(144)] do combined lesions of the striatum and

pallidum produce slow worm-like nonintentional

movements of the extremities.

It must be emphasized that these manifestations

following lesions of the pallidum cannot properly be

compared, as Lewy and others still do, with the

parkinsonian syndrome in man.

Effects following experimental stimulation of the

pallidum in animals will now be discussed. Stimula-

tion of the so-called nucleus lentiformis (pallidum and

putamen) produces, according to von Bechterew

(273), tonic-clonic movements of the contralateral

extremities and the head, even after previous destruc-

tion of the motor cortex, von Bechterew considered

the pallidum as the origin of these convulsions.

Wilson (295) on the other hand declared the pallidum

to be electrically unexcitable. Phasic movements of

the extremities, elicited by stimulation of the motor

cortex, are converted into a 'state of plastic tonus'

[Mettler ct al. (184)]. The extremities are neither

rigid nor is there a tremor, but they retain passively

imposed postures for a long time and relax after a

considerable delay.

Cortical motor responses and knee jerk reflexes can

be definitely enhanced by stimulation at a rate of 100

per sec. of the posterior pallidum [Peacock & Hodes

(206)]. In contrast, Hodes et al. (117) were able to

inhibit cortical motor responses and knee jerk reflexes
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by stimulating the anterior pallidum. However, some

of the areas giving this effect are located within the

nucleus entopeduncularis.

Following low-voltage threshold stimulation of the

external pallidum with the Hess technique in cats,

movements of the contralateral extremities were

obtained with violent backward movements of the

shoulder combined with rhythmical facial twitches

[Hess (106)]. Some of the stimulated points located

in the medial entopeduncular nucleus and in the

internal capsule produce contraversive turning

movements with transition to circling movements

[Hassler (89)].

pallidum: studies in man. The effects of pallidum

stimulation in man have been studied for the first

time in the course of stereotaxic operations. These

findings have so far been communicated only briefly

[Hassler (85, 86, 90)]. Bipolar stimulation of the

internal or external pallidum with higher voltages

at 20 per sec. produces arousal both in shallow and

in deep anesthesia. The patient opens his eyes, tries

to orient himself and shows a dilatation of the pupils.

In one case of Huntington's chorea the arousal effect

following stimulation of the area between external

and internal pallidum was so pronounced, in spite of

deep general anesthesia, that the patient became

reactive to his environment and was able to say a few

words; he relapsed into deep anesthesia after the end

of the stimulation Repeatedly, stimulation caused

respiratory inhibition and e\en arrest, briefly out-

lasting the end of the stimulation. During external

pallidum stimulation the EEG shows periodical

high-\oltage activity which de\elops all over the

cerebral cortex in both hemispheres. Only occasionally

does it show the desynchronization typical of the

electrographic arousal response in animals. Conscious

patients, operated upon under local anesthesia, lose

contact with their environment during pallidum

stimulation and are unable to perform complex

movements or to speak accurately. To and fro move-

ments, which the patient had previously been in-

structed to carry out during stimulation, are dis-

continued or markedly slowed and become jerky as

long as the stimulation lasts. Low frequency stimu-

lation at 4 and 8 per sec. has no definite arousal effect

but induces high voltage recruiting responses in the

cortex (fig. 18). During stimulation most of the

patients consistently showed a tendency (as the head

was immobilized) to look to the contralateral side

which could l)e overcome however by visual fixation.

Some of the patients displayed anxiety and restlessness

during stimulation of the internal pallidum at higher

frequency or at voltages above threshold, described

a constricting or hot feeling in the chest and oc-

casionally a feeling of vital anxiety in the left chest;

some of the patients even screamed anxiously as the

stiinulation was repeated.

When the internal pallidum is stimulated in patients

with athetotic, torsion-dystonic or choreiform dis-

orders, even single electrical shocks may sometimes

trigger a hyperkinetic reaction of prolonged duration.

This is not always the case. Stimulation with fre-

quencies higher than 8 per sec. regularly activates

hyperkinetic reactions if they had disappeared during

the operation, or definitely enhances them if they con-

tinue during the operation. Even convulsive contrac-

tions of the muscles of the neck and of the sterno-

cleidomastoid muscle, comparable to spasmodic

torticollis, can be produced by pallidum stimulation,

but only in patients showing this kind of disorder spon-

taneously. The resting tremor in parkinsonian patients

can be both enhanced or transitorily blocked by

stimulation of the pallidum. Following stimulation at

higher frequency it can also be inhibited by synergic

flexion of the contralateral arm.

Riechert, Hassler and Mundinger have also carried

out destruction of the internal pallidum in man. In

contrast to expectations, this operation, performed

unilaterally in more than 180 patients with extra-

pyramidal disorders, does not cause parkinsonian

symptoms on the contralateral side. Parkinsonism is

thus not attributable to a pallidum lesion and is not

a pallidum syndrome. The only detectable immediate

effect of unilateral destruction of the pallidum in

parkinsonism is suppression of the rigidity and reduc-

tion of the tremor. During; gradual coagulation of

the pallidum (especially of the internal pallidum) in

unanesthetized patients it is possible to observe a

gradual decrease of muscular rigidity. Tremor may be

transitorily enhanced on the contralateral side during

high frequency coagulation but is decreased after

destruction has taken place. In various hyperkinetic

diseases, such as chorea, athetosis and torsion dystonia,

hyperkinetic motor activity is also reduced even

during the course of the stereota.xic operation, es-

pecially by destruction of the internal pallidum.

Following almost complete unilateral destruction

by coagulation of the pallidum, especially of the

internal pallidum, yawning, increasing drowsiness,

closing of the eyes, impairment of contact with the

environment, arrest of spontaneous speaking, sleep

or even an acute brief state of disorientation or

amentia are ob.served, but later disappear. Transitory
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euphoria may appear in the postoperative period,

as W'alker (286) also emphasized, but is also re-

versible. However, longer lasting changes, such as

decreased self-awareness, slightly decreased critical

capacity and decreased spontaneity or drive, com-

bined with a well preserved responsiveness to external

stimulation and an occasionally increased feeling of

well-being, were observed following pallidum lesions.

All these changes are much more pronounced after

bilateral almost complete coagulation of the pallidum.

Following this procedure performed in two stages,

some patients first go into a confusional state with

loss of orientation in time and space, with loss of

capacity to identify persons and the environment and

occasionally with .severe hallucinations. As long as

there is no complicating brain atherosclerosis and the

lesions are not too large, these syinptoms are also

reversible and nothing remains but a slight psycho-

organic syndrome. Here again, it is interesting to

note that bilateral destruction of the pallidum does

not produce any motor symptoms. In a few ca.ses a

slight akinesis relative to speech, respiration and

swallowing movements appears. However, this also

occurs in parkinsonian patients previous to the

operation.

Experience with neurosurgical therapy of parkin-

sonism involving production of symmetrical almost

complete bilateral lesions in the pallidum indicates

that it may lead to such unfavorable psychological

changes that most neurosurgeons think it advisable to

avoid this type of operation.

The pallidum is the site of pathological changes

in a number of disease entities, some of which may
be briefly noted. In icterus gravis of the newborn,

hypoxemic damage of the pallidum and nucleus sub-

thalamicus cau.ses demyelination and cell degenera-

tion, associated clinically with exaggerated mimetic

movements and motor reactions, athetotic hyper-

kinetic disorders of the muscles of the face, trunk and

limbs, and changing distribution of muscle tone.

Similar clinical manifestations appear in the Haller-

vorden-Spatz disease, where iron-free pigments

accumulate in the pallidum and nucleus niger, and

in the pure progressive pallidal atrophy of van

Bogaert.

The status marmoratus [Anton (7), Vogt (266)] is

the result of vascular damage of the basal ganglia,

predominent in the putamen and caudate nucleus,

which occurs in early infancy. Cell atrophy is regu-

larly found in circumscribed areas in the external

pallidum. Athetotic motor disorders result from these

lesions.

Carbon monoxide poisoning characteristically

causes symmetrical necrotic lesions of the dorsal

border of the internal and external pallidum, and in

the reticular zone of the substantia nigra. However, in

contrast to older views, it is unlikely that the.se lesions

result from hypoxemic injury since similarlv localized

damage of tlie pallidum can also be produced by

hydrocyanic acid, barbiturates, morphine, etc.

.Symmetrical necrosis of the pallidum does not always

lead to the parkinsonian syndrome if the patient

recovers; many patients show psychic changes only.

As a result of damage to the external pallidum, the

neuronal systems of the internal pallidum, the nucleus

suiithalamicus, nucleus ruber and reticular formation

are disinhibitcd and out of control. Therefore the

neuronal pathways going from the nucleus ventro-

oralis anterior and nucleus lateropolaris of the thala-

mus to area 6aa and 6a/3 also convey excessive im-

pulse streams. Surgical interruption of this neuronal

chain and of the fibers feeding back from the extra-

pyramidal cortical fields decreases the numl:)er of

pathological impulses to the peripheral motor system

and thus leads to the clinically obser\ed decrease of

the athetotic hypcrkinesis. However, that there is

also a loss of control within the directly descending

pathways from the external pallidum to the reticular

formation and the subthalamic nucleus after surgical

interruption of the pallidothalamocortical systems

is shown b\' the fact that after weeks or months the

athetotic hyperkineses sometimes reappear.

Diencephalic Structures

NUCLEUS suBTHALAMicus : ANIMAL EXPERIMENTS. Stimu-

lation of this structure in animals, in the older ex-

periments of Karplus and Kreidl, Shinosaki, Ingram,

and Ranson and Hannett, produces mydriasis and

opening of the eyelids. Later Mella (180) and Waller

(288) produced rhythmic locomotor movements in

cats by stimulating in the vicinity of the subthalamic

nucleus. The best results were obtained in an area

lying medially to the nucleus subthalamicus in the

field H of Forel. Only by means of the Hess technique

of low frequency stimulation (8 per sec.) in unanes-

thetized freely moving cats was it possible to show that

these locomotor movements are actually turning or

circling movements toward the opposite side. These

contraversive movements appear at almost threshold

intensity. Mettler et al. (184) saw contractions of the

contralateral muscles of the back following stimulation

of the nucleus subthalamicus in monkeys and cats,

an obvious turning to tiie contralateral side appearing
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in restrained animals. Apparently the nucleus has

not yet been stimulated in monkeys or human subjects.

It was interestins; but not understandable without

the results obtained by the Hess method that lesions

in the same area in cats produce persistent locomotor

movements in the horizontal plane (Mella, Waller)

which in freely moving cats are directed toward the

side of the coagulation. Thus they are mirror images

of the stimulation effect. This disorder is a conse-

quence of destruction of a tonic (contraversive)

turning mechanism in one hemisphere. Rotation of

the head alone to the side of stimulation can also be

elicited by stimulating in the vicinity of the sub-

thalamic nucleus. In these cases the stimulating

current reached the ansa mesencephalica ascendens

which carries fibers from the nucleus interstitialis

[Hassler & Hess (91)]

In cats destruction of the nucleus subthalamicus

together with a part of the surrounding fiber tracts

produces nothing but a rhythmic locomotor turning

movement to the ipsilateral side as a result of destruc-

tion of the tonically active mechanism in this hemi-

sphere responsible for contraversive turning, accord-

ing to Hassler (89).

Choreiform movements following lesions in the sub-

thalamic nuclei were first observed in lower animals

by Lafora (155) and D'Abundo (37). Since 1949

Whittier & Mettler (293) have succeeded regularly

in producing a 'choreoid hyperkinesia' in the macaque

by destruction of the subthalamic nucleus. For this

at least 20 per cent of the nucleus must be destroyed

without too extensive damage to the neighboring

structures. Neither the force nor the duration of the

hyperkinesia depends directly upon the percentage of

tissue destroyed in the nucleus. A somatotopic or-

ganization of the subthalamic nucleus could not be

demonstrated [Carpenter & Carpenter (31)]. The

hyperkinetic symptoms appear as soon as the subject

recovers from anesthesia but reach their maximum
2 to 3 days after the operation. They disappear during

sleep and in narcosis and may last until death. Usually

the contralateral hind leg is involved; less frequently

the lower trunk muscles and the anterior limbs also

show hyperkinetic movements. The face, neck,

pharynx and tongue are not involved with the excep-

tion of a random head tremor. In most of the cases the

involuntary movements occur in irregular sequences

as persisting movements with varying amplitudes and

durations (typical choreiform activity). Some of the

monkeys show aimless and slow movements of

athetoid character, a few a ballistic hyperkinesia

characterized by particularly \iolent flinging move-

ments. During quiet intervals \oluntary movements

may initiate the hyperkinetic phenomena, as may
emotional stress. In many cases the motor hyper-

activity is only intermittently present and normal

activity is restored within a few days. In other experi-

ments hyperkinesia is combined with a paresis.

These hyperkineses, chiefly choreiform in nature,

are interpreted as a "disorganization of pallidum ac-

tivity,' the pallidum receiving afferents from the

nucleus subthalamicus. The excess impulses from the

pallidum are, according to the authors, conveyed to

the midbrain reticular formation or the ventral

tegmental area of Tsai through the pallidosubrubral

fascicle.

Relative to stereotaxic therapy, it is important to

know that, according to the oi:)servations of Carpenter

et al. (33, 34), additional interruption of the lenticular

fascicle (H^) or the pallidum will suppress or very

markedly decrease choreoid hyperkinesia while

simultaneous lesions of the internal capsule do not

have the same favorable effect. Hyperkinesia experi-

mentally produced in macaques can also be reduced

by other procedures: a) bilateral lesions in the lenticu-

lar fascicle; b) destruction of more than 8 per cent of

the internal pallidum which, however, produces

serious disorders (anorexia, somnolence and very

much reduced spontaneous motor activity) leading

to death within a few days. Normally, unilateral

lesions of the internal pallidum do not produce these

disorders but still have an excellent effect on the

contralateral hyperkinesia. Larger lesions even seem

to abolish hyperkinesia completely. Transection of

the rubrospinal tract and bilateral destruction of

nucleus cuneatus and gracilis had no effect [Orioli

& Mettler (205)]. Resection of area 6 contralateral

to the experimental hyperkinesia did not reduce

hyperkinetic activity. Lesions of the borders of area 4

caused both a slight paresis and a decrease in strength

of the hyperkinesia. However, if both area 4 and 6

were removed, as was done in a rhesus monkey,

hyperkinetic activity disappeared on the contralateral

side and was replaced by a nonhypertonic paresis

[Carpenter & Mettler (32)]. Lesions of the internal

capsule in the neighborhood of the subthalamic

nucleus do not seem to affect the hyperkinesia, even

if they cause pareses.

NUCLEUS subthalamicus: human studies. Destruction

of this nucleus in man is followed by contralateral

hemiballism, pro\ided the neighboring structures

remain relatively uninjured [Fischer (56), Jakob

(129), von Santha (281)]. This, the most violent type
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of involuntary motor activity in man, has been

described in a previous section (p. 865). In an ex-

tensive survey of the hterature Wliittier found lesions

to be reported in the contralateral nucleus suij-

thalamicus in 40 out of 56 cases of hemiballism which

came to necropsy. The remaining 16 cases had lesions

mostly in the striatum or pallidum, that is in a struc-

ture having a two-way connection with the sub-

thalamic nucleus.

According to experiments in animals and to more

recent therapeutic observations in man, liemiballistic

symptoms do not necessarily appear even in the

presence of severe focalized lesions in the subthalamic

nucleus as long as there is serious damage to other

neighboring structures, such as the fasciculus lenticu-

laris (H:) and thalamicus (Hi), the pedunculus

cerebri, the internal capsule or the internal pallidum.

On the basis of the.se ol)servations, Bucy & Case

(24) extensi\ely removed the contralateral arm region

in the precentral cortex of a patient with monoballism

of an arm and oijtained disappearance of the mo\'e-

ments; however, after a year slight insoluntary move-

ments reappeared whenever the patient thought hewas

observed. Later Meyers el al. (190) severed the white

matter between area 4 and area 6aa with a beneficial

and permanent effect in a case of hemiballism, as

did Walker (285) in another case following transec-

tion of the medial two quarters of the pcdunculvis

cerebri.

Bipolar stimulation at 8 per sec. of the oral \entral

thalamic nucleus reproduced ballistic hyperkinesia

in the contralateral arm which had disappeared

during slight anesthesia, according to Hassler,

Riechert and Mundinger. Even extensive therapeutic

coagulation of the internal pallidum or the oral

ventral nuclei did not reliably relieve hemiballism.

Therefore lesions were made both in the pallidum

and in the medial and posterior parts of the internal

capsule close to the p\ramidal tract in a region where

bipolar stimulation with a current of very low in-

tensity elicited quick twitches in the contralateral

facial muscles and in the limbs at the frequency of

the stimulus. Contralateral spasms like those of a

Jacksonian seizure appeared during coagulation.

The very definite decrease or suppression of the

ballistic motor activity following the additional

coagulation of the efferent pathways of the extra-

pyramidal cortical fields seems to be a durable thera-

peutic effect.

The efferent mechanisms of ballistic hyperkinesia

are not known at present, as the efferent pathway of

the subthalamic nucleus has not vet been definitelv

located. Since this path is likely to end in the neighbor-

hood of the large cells of the nucleus ruijer, release

of this system reaching the anterior horn grey via

fibers of the rubrospinal tract now .seems probable.

In man the large cells of the nucleus ruijer, sending

their axons through the rubrospinal tract, appear

to convey impulses chiefly to the trunk and the

proximal limb muscles. This could explain the onset

of the hemiljallistic mo\ements in proximal parts.

Furthermore, impulses to the internal pallidum are

also suppressed after destruction of the sufjthalamic

nucleus, so that the pallidum also can emit uncon-

trolled impulses. These impulses are headed for the

precentral cortex \ia the anterior ventral oral thalamic

nucleus and nucleus lateropolaris of the thalamus.

This may account for the more distal components of

the athetotic motor disorder in the extremities. Coagu-

lation of the internal pallidum and the thalamic

nuclei receiving impulses from the pallidum can

interrupt these two pathways. However, the effect is

more efficient and of longer duration if efferent

cortical extrapyramidal or pyramidal systems, es-

pecially these coming from area Gaa, 6a/3 and 4s,

are interrupted by additional lesion at the capsular

or peduncular le\el. The resulting hemiparesis can

be very slight.

In spite of the fact that the effects of lesions of

the subthalamic nucleus in man are in good agree-

ment with those in animals, it is particularly difficult

to define the functional role of the nucleus sub-

thalamicus in positi\"e terms. In contrast to numerous

observations from human pathology, the experiments

of Whittier, Carpenter and Mettler do not indicate

that in monkeys there is a somatotopic organization

of the nucleus subthalamicus from medial to lateral.

On the other hand, there is no doubt about the rather

frequent occurrence in man of monoballism of one

arm or one leg following a circumscribed lesion in

the subthalamic nucleus.

The subthalamic nucleus seems to have overall

control of rhythmic movements of the contralateral

limbs, especialh' those for turning around the hori-

zontal, longitudinal and trans\erse axes. Bucy (21)

considers hemiballism as a release phenomenon follow-

ing suppression of cortical inhibitory mechanisms.

Whittier & Mettler (293) consider the subthalamic

nucleus as comprised of interneurons of the pallidum

system. They believe that its destruction is responsible

for an o\erall disorganization of the pallidum system

which leads to excess motor acti\itv.
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CENTRUM MEDIANUM. Accordiiis; to current anatomical

concepts the centrum medianum receives afferents

from the nucleus emboHforniis of the cerebellum

(83) and the reticular formation, but not, in contrast

to previous opinions, from a direct ipsilateral second-

ary trigeminal pathway. According to the physi-

ological findings of Starzl et al. (247), it receives

impulses from collaterals of all sensory pathways

indirectly through the reticular formation. The

centrum medianum is common to all higher mam-
mals. It is independent of the cortex (271 ) and conveys

complex integrated impulses from the cerebellum and

reticular formation to both parts of the striatimi

(83).

Experimental observations in animals will first be

considered. Because of the location of Forel's teg-

mental fascicle or the vestibuloreticulothalamic tract,

ipsiversive turning movements were often considered

to result from stimulation of the centrum medianum.

However, the.se moveinents are apparently repre-

sented in a pathway which parallels the vestibulo-

reticulothalamic tract and ijypasses the centrum

medianum ventrally without entering it [Hassler

(8g)]. Electrical stimulation of the centrum medianum

evokes an arousal reaction and a recruiting response

in various cortical areas, especially in the frontal and

anterior parietal cortex [Hanbery & Jasper (78)].

Circumscribed lesions in the nucleus ventralis medialis

(VM) and ventralis anterior (VA) of the thalamus,

if combined with a destruction of the rostral nucleus

reticularis thalami, suppress the recruiting response

in the frontal cortex. The unspecific projections of

the centrum medianum to the parietal corte.x are

inactivated only by making an additional lesion in

the lateral part of the nucleus ventralis lateralis (VL)

thalami [Hanbery et al. (77)]. This lesion also inter-

rupts the efferent pathway from the centrum medi-

anum to the putamen and caudate nucleus. Thus

eflferent impulses from the centrum medianum cannot

cross to the nuclei of the extrapyramidal system and

re-enter the thalamus before going to the cortex. The
lesions in VA and VM and in the rostal part of the

nucleus reticularis interrupt the last projections to

the premotor cortex and proliably also the fibers

entering the pallidum from below.

The hypnogenic zone of Hess (108) extends to the

centrum medianum. Under appropriate environ-

mental conditions low-frequency threshold stimulation

of this area can produce a beha\'ioral reaction similar

to physiological sleep. This has been confirmed by

the electrophysiological experiments of Hess, Akert

and Koella (5, 98, gg). The most frequent effects

following electrical stimulation are an inhibition of

respiratory acti\'ity both in frequency and amplitude

and a decrease of motor excitability [Hess (108)].

No physiological studies of the effect of acute and
chronic destruction of the centrum medianum appear

to ha\e been made.

Observations from human pathology will next be

presented. In the hereditary form of torsion dystonia

tiie small cells of the centrum medianum projecting

to the putamen show primary degeneration [Vogt &
Vogt (272)]. This would liberate the putamen from

cerebellar and brain-stem reticular control. The
nerve cells of the centrum inedianum show premature

aging and retrograde degeneration following \arious

putamen lesions. The physiological significance of

this finding is unknown.

During the successful operations performed by

Talairach et al. (252) in patients suffering from

thalamic pain, the centrum medianum has been

coagulated repeatedly in part or has had its efferent

fibers interrupted. No expected deficiencies resulted

from these lesions. Tonic movements of the mouth
were seen as a result of stimulation of the centrum

medianum (Monnier and others). In collaboration

with Riechert and Mundinger we only rarely observed

such effects following stimulation of the centrum

medianum during operations for trigeminal neuralgia.

Stimulation of the centrum medianum in man pro-

duces a recruiting response which appears in all

areas of the ipsilateral cortex and also slightly in the

contralateral hemisphere. Stimulation at 8 per sec.

or more had a definite arousal effect in man (fig. 7J.

In spite of potentiated anesthesia, patients open

their eyes, look around during stimulation and relapse

into narcosis as soon as stiinulation is discontinued

[Hassler (85, 86)]. Partial coagulation of the centrum

medianum during operations in the arcuate nucleus

for pain relief did not have any apparent effect.

However, bilateral lesions of the centrum medianum
have not yet been inade.

The physiological role of the centrum medianum
consists of integrating very heterogeneous sensory

and cerebellar impulses and elaborating afferent

inflow to the striatal system. It controls the overall

excitability of the cortex via the caudate nucleus and

putamen and seems to trigger—or to inhibit—the

motor components of the mechanisms regulating

sleep and wakefulness.

OTHER THALAMIC NUCLEI BELONGING TO THE EXTRA-

PYRAMIDAL SYSTEM. The overwhelming majority of

the efferent pathways leaving the internal pallidum
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FIG. 7. Effects of stimulation of the thalamus during stereotaxic operations a, b: 62-year-old man
with trigeminal neuralgia. Stimulation of the right centrum medianum 2 to 5 mm above a sub-

sequent thalamotomy in the right nucleus arcuatus. Patient given chlorpromazine. a: EEG effects

of stimulating with a frequency of 8 per sec. From top downward.- Right and left precentral region,

right and left parietal region, and right and left occipital region. Recruiting waves appear in the

right precentral region, slow waves coming on after cessation of stimulation. Patient shuts eyes but

remains conscious, b: Stimulation at a higher frequency (50 per sec.) induces arousal with opening
of the eyes, although EEG waves are not blocked during stimulation. Upper right: Control before

stimulation of the thalamus. Middle right: Behavioral arousal produced by 8 per sec. g-v. thvratron

stimulation of the left anterior lamella medialis thalami in deep chlorpromazine-barbiturate anes-

thesia. Lower right: After thalamic stimulation in a 17-year-old imbecile. [From motion pictures

made by Hassler in collaboration with Riechert, Umbach and others; from Jung (135).]

end in the thalamus. These thalamic nuclei recei\ing

afferent inflow from the pallidum may be considered

as a part of the extrapyramidal system. The most im-

portant are the nucleus ventro-oralis anterior (V.o.a.,

the \-entroanterior part of nucleus ventralis lateralis

of Walker, \"L) and the nucleus lateropolaris (L.po or

VA). The medial nucleus (or nucleus dorsalis medialis

thalami) also receives numerous afferents from the

pallidum. Nuclei where fiber tracts coming from the

nucleus interstitialis, the vestibuloreticulothalamic

tract and the brachium conjuncti\um terminate are

also considered as belongino; to the extrapyramidal

system, although the brachium conjimctivum should

rather be considered as an afferent part of the pyrami-

dal system. As the thalamic nuclei receiving afferents

from the pallidum are much smaller in carnivores

and rodeitts than in primates and man, little is known

yet about their responses to electrical stimulation

in cats.

a) Nucleus ventromterinedius (I'.im). The nucleus

ventrointermedius projects to the cortex. In cats its

low-frequency stimulation produces a continuous

turning mo\ement of the head or the whole body

to the side of stimulation. The same effect is obtained

by stimulating its afferent pathway, the vestibulcj-

reticulothalamic tract. Destruction is followed by a
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transitory turning movement of tiie body to the

opposite side since this supra\estibular system is

tonically active during wakefuhiess [Hassler (89)].

Bipolar stimulation of this nucleus during stereotaxic

operations in patients with extrapyramidal motor

disorders is followed by a horizontal conjugate ocular

deviation to the side of stimulation. In man coagula-

tion of parts of the nucleus produces a paresis of

ocular movements with nystagmus to the damaged

side which, however, disappears after i or 2 weeks.

These observations seem to indicate that the nucleus

vcntrointermedius plays the same functional role in

man as in cats where it represents a part of the mecha-

nism responsible for ipsiversive turning movements.

b) Nucleus venlrocaudalis thalami (I'PL and \'PM). A
remark appears appropriate at this point concerning

the motor effects following stimulation of the medial

lemniscus and the spinothalamic tract or of their

terminal thalamic nuclei, the nuclei venlrocaudalis

externus (V.c.e.), internus (V.c.i.) and parvocellularis

(V.c.pc) (VPL, VPM and VPI, according to Walker's

terminology). In unanesthetized, freely moving cats

low-frequency stimulation produces twitching of the

contralateral face and of the contralateral foreleg

—

rarely of the hind leg—which is at first synchronous

with the stimulus but very shortly shows definite

summative effects (such as closing of the eyelids or

lifting of the bent foreleg). After the end of the stimu-

lation some, but not all, of the cats may shake the

extremity involved or may lick themselves as if an

unpleasant sensation had been experienced in the

twitching area.

During stereotaxic operations for the relief of

chronic intractable pain, the sensory relay nuclei of

the thalamus were stimulated in conscious patients.

Synchronous muscular twitching accompanied by a

twitching or electrifying sensation in the topically

corresponding area of the body was evoked with a

stimulus frequency up to 8 per sec. When stimulation

of the parvocellular and ventral parts of the nucleus

(V.c.pc or VPI) at a rate over 20 per sec. produces

localized pain (in amputees it may even evoke

phantom pains), the ipsilateral motor symptoms are

enhanced and extreme pain distortions appear.

When stimulation does not produce painful sensa-

tions, these distortions apparently have to be con-

sidered as reflex motor activities resulting from

extero- or proprioceptive impulses aroused artificially

by electrical stimulation of central sen.sory systems.

These effects are not extrapyramidal motor phe-

nomena in the narrow sense.

c) Nucleus uentro-oralis posterior. Stimulation of this

nucleus and of the terminal dentatothalamic fibers

of the brachium conjunctivum with the Hess method

causes movements of the contralateral forelegs and of

the contralateral muscles of the face. The foreleg is

lifted or adduced and stretched forward. This adduct-

ing and forward stretching effect is also seen after

stimulation of the brachium conjunctivum in the

area between its decussation in the mesencephalon

and the cerebellum where the effect is only homo-

lateral. These motor effects obviously are due to

stimulation of afferent fibers going to area 4. Accord-

ing to Hess, coagulation of small parts of this nucleus

has no effect. Larger lesions (2 to 3 mm in diameter)

cause functional disabilities such as diminished use

of the limb, lack of postural control and ataxia.

In man this nucleus (V.o.p.) has been stimulated

by Hassler, Riechert and Mundinger during stereo-

taxic operations, however, only in patients suffering

from myoclonic or parkinsonian disorders. When the

myoclonic movements or the resting tremor disappear

during light anesthesia, bipolar low-frequency stimu-

lation can cause them to reappear in the contralateral

limbs after a short latency. The frequency of the

hyperkinesia differs in this case in the arms and in the

legs. If the resting tremor persists during the opera-

tion, it is possible to change its frequency by using the

same type of stimulation and to block it in regular

intervals. Single shocks cause an enhanced flexion

or extension of the forearm with compensatory inter-

vals, depending upon the phase of the concomitant

tremor. Therapeutic destruction of this nucleus to a

considerable extent reduces or completely suppresses

both resting tremor and myoclonic movements.

Larger lesions can produce a contralateral ataxia

which is later compensated. Diminished use of the

extremities is also seen, but no pareses and no increase

of tone. Lesions extending to more medial areas pro-

duce a paresis of mimetic movements of the contra-

lateral facial muscles with completely intact voluntary

motor activity. Disorders of sensibility never occur

following lesions in the ventro-oral thalamic nuclei.

The effects of clinically occurring focalized lesions

in this nucleus in patients without pre\'ious extra-

pyramidal motor disorders include a diminished use

of the extremities without paralysis, contralateral

ataxia, and contralateral mimetic paralysis of the

facial muscle as \on Leyden and Nothnagel had

already assumed. Interruption of the dentatothalamic

fibers of the brachium conjuncti\um terminating in

this nucleus produce the same effect. This is in con-

trast to the results of the monkey experiments of

Clarrea & Mettler (35) and Carpenter (30).
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d) Nucleus ventro-arnlis atitnioi and nucleus laternpolaris.

The effects of stimulation or destruction of tliese

nuclei which recei\'e afferents from the pallidum are

not well known in cats because of their small size.

Both nuclei are much larger in man than the thalamic

terminal area of the brachium conjuncti\um. Stimu-

lation of these nuclei in Parkinson's disease, especially

of V.o.a., produces an acceleration and an increase

of the resting tremor or transitory block due to inter-

ference of the spontaneous rh\ thni with the stimulus

frequency. The effects of stimulation are less clear

than those following stimulation of the nucleus

ventro-oralis posterior. In athetosis, torsion dystonia,

ballism and chorea, it is possible to trigger the hyper-

kinetic phenomena during quiet intervals by stimu-

lating nucleus V.o.a. and L.po. The hyperkinesia

produced by electrical stimulation outlasts the end of

the stimulation. In some conscious patients with a

parkinsonian syndrome, stimulation of this nucleus

was followed by conjugate eye movements to the

contralateral side (the head being fixed), concomitant

violent lifting of the contralateral arm and excited

utterance of unintelligible sounds comparable to the

syndrome described as following stimulation of

Penfield's supplementary motor area.

Destruction of both nuclei in patients with torsion

dystonia and athetosis improves and sometimes even

suppresses the hyperkinesia without causing any

paralysis. In athetosis, however, the symptoms usually

reappear. Simultaneous destruction in Parkinson's

disease of nucleus \'.o.a. and \'.o.p. decreases or even

completely abolishes the rigor. At first there is even

a hypotonia, although the paralysis is \ery slight

or even absent. Pre\iously missing associated move-

ments may reappear. The posture is so fundamentally

changed after such operations that it is almost im-

possible to recognize the previous parkinsonian disease

in these patients. Postoperative motor impairment

has not been observed. Some of the patients, how-

ever, have to be persuaded after the operation to

persev'ere in using the limb pre\iously immobilized

ijy rigidity. Learned movements are also unimpaired.

Bilateral symmetrical lesions are contraindicated

because of the consequent personality changes of the

frontal lobe type which result froin the interruption

of passage fibers of thalamofrontocortical pathways.

e) .Xucleus ventro-oralis internus. .Stimulation of this

nucleus and of its afferent fiber tracts from the nucleus

interstitialis produces a rotary movement of the head

to the ipsilateral side. In cats the effect involves the

head and the anterior bod\-. Destruction produces

onlv verv transitorv effects such as a rotation of the

head to the opposite side. The sites of stimulation for

the arrest reaction described by Hunter & Jasper

(122, 123) are located in the medial part of this

nucleus (close to the anterior intralaminary nuclei).

In man stimulation of this nucleus produces a con-

traction of the muscles of the contralateral neck and

shoulder, of the sternocleidomastoid and of the facial

muscles. Simultaneously, an arousal effect some-

times with smiling appears. In spasmodic torticollis,

destruction of this nucleus reduces the rotary move-

ments to the ipsilateral side but not to such an extent

that it would be sufficient by itself for a satisfactory

therapeutic effect.

Mesencephalic Structures

NUCLEUS NIGER. Early studies of the effects of stimu-

lation of the region of the nucleus niger in animals,

made by von Bechterew (273), Jurman (139) and

von Economo (274), showed bilateral rhythmical

chewing and swallowing movements to be the princi-

pal motor responses. However, later investigators

failed to find any definite motor effects.

According to Mettler (181) stimulation of the

nucleus niger increases the extensor tonus of both

anterior limbs in cats, even after destruction of the

motor cortex. Mettler and co-workers (184) also

thought that stimulation of the nucleus niger reduces

the amplitude of the phasic mo\ements resulting

from simultaneous cortical stimulation and tends to

produce a tremor. As Folkerts & Spiegel (60) were

able to show, stimulation of the reticular formation

produces tremor only when the nucleus niger had

been previously destroyed. Wycis et al. (297) showed

that this tremor could be obtained also after degenera-

tion of the brachium conjuncti\um, thus demonstrat-

ing that it does not depend on participation of the

brachium conjunctivum. This is in contrast to the

view of Carrea & Mettler (35) who considered lesions

of the ventral part of the brachium conjunctivum

to i)e responsible for the tremor without stimulation.

According to older observations destruction of the

nucleus niger in dogs and cats does not usually pro-

duce disorders of motor activity or muscle tone

[von Bechterew (273), von Economo & Karplus

(275)]. Only D'Abundo (37) observed choreoid

movements and later rigor in newborn cats following

lesions in the substantia nigra and in parts of the

mesencephalon. Bishop et al. (12) and also Peterson

et al. (210) were able to produce postural tremor by

means of small localized lesions in an area dorsal

and medial to the nucleus niger, intermediate between
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it and the nucleus ruber. They probably interrupt

at least partially the ascending efferent fibers from

the nucleus niger. According to VVhittier & Mettler

(293), their lesions responsible for a static tremor are

located more rostrally and dorsally to the substantia

nigra.

Observations from human pathology are particu-

larly important here since experiments in animals do

not give definite information concerning the func-

tional significance of the nucleus niger. On the basis

of three cases with localized lesions, Brissaud (14)

was the first to assert that destruction of the nucleus

niger is responsible for parkinsonism. The later ob-

servations of Tretiakoff (258), Foix (59) and Spatz

(237) pointed to the nucleus niger as being the site

of major damage in postencephalitic parkinsonism.

Genuine paralysis agitans is also due to cell destruc-

tion specifically localized in the nucleus niger [Hassler

(79)]. The tremor (without rigor and akinesia),

in the contrary, is caused by a diffuse lesion (elat

precible) of the striatum [Hassler (80)]. Rigor and

akinesia, the two other motor components of parkin-

sonism, are caused by lesions in the nucleus niger,

mainly in its posterior portion. In most patients with

this disorder significant pallidum lesions are missing

[Hassler (79), Klaue (149)]-

The mechanisms of resting tremor, akinesia and

rigidity are now better understood as a result of the

stereotaxic operations which have recently been

performed on patients suffering from parkinsonian

disorders. In 181 7 James Parkinson had already

described the disappearance of resting tremor follow-

ing a subsequent hemiplegia. Bucy (20, 22, 25) could

very definitely reduce or even abolish the resting

tremor by resection of the arm area in the precentral

gyrus and of area 4 gamma. The same effect was ob-

tained by Putnam (215) following unilateral

pyramidotomy in the spinal cord. In both cases the

effect was associated with a contralateral hemiparesis.

The tremor reappeared as soon as the paresis dis-

appeared. Hence it must be concluded that the tremor

depends upon a facilitatory influence of the pyramidal

tract on the anterior horn mechanisms. .\. continuous

flow of subliminal pyramidal impulses influencing

anterior horn cells has been demonstrated electro-

physiologically by Adrian & Moruzzi (i). The tremor

frequency, however, is not the same as the spontaneous

rhythmic activity of the cortical motor areas [Schwab

& Cobb (230), Jung (130)]. Its rhythm probably is

not produced by cerebral mechanisms but by bulbo-

spinal interneurons; it is thus understandable that

the ipsilateral tremor is rarely synchronous in arm and

leg [Jung (130)].

In an effort to suppress the pyramidal facilitation

of the tremor without producing a hemiparesis,

Hassler and associates destroyed stereotaxically the

nucleus ventro-oralis posterior of patients with

Parkinson's disease. This was intended to abolish the

afferent inflow from this nucleus to area 47 of the

cortex, while leaving the efferent pyramidal path

intact. The result was a definite decrease or even

suppression of the contralateral resting tremor. If

the tremor temporarily disappears before coagulation,

it can be evoked by low-frequency stimulation of the

nucleus V.o.p. ; if the tremor persists, it may be en-

hanced, accelerated or blocked by such stimulation.

Single shocks enhance the momentary phase of the

tremor which is followed by a compensatory interval

in either flexion or extension; stimuli at 4 per sec.

slow the tremor, at 8 per sec. they accelerate it, while

at higher frequencies it is blocked. Similar but less

definite effects may be obtained by stimulating the

nucleus ventro-oralis anterior (V.o.a.), which is a

terminal nucleus for fibers coming from the internal

pallidum (Hi of Forel). Thus, ijipolar stimulation of

the internal pallidum also causes similar but less

marked changes in the tremor. The internal pallidum

projects via V.o.a. to the area 6aa: in the precentral

gyrus where many fibers of the pyramidal tract origi-

nate. Thus, this part of the afferent pyramidal

pathway is also capable of influencing the tremor

frequency, although the effect is less marked than

that of V.o.p.

A complete and permanent suppression of the

resting tremor seems to result onlv from either a

lesion of the pyramidal tract causing a hemiparesis

or a lesion of the thalamofrontocortical pathways

producing personality changes with decreased emo-

tional responsiveness. The emotional enhancement

of the resting tremor can be suppressed by prefrontal

lobotomy. One may conclude therefore that in

parkinsonian disease prefrontal cortical areas exert

their descending corticifugal influence during emo-

tional stress by means of prefrontoreticular and pre-

frontopallidal pathways, and in cases of genuine

tremor with an intact nucleus niger also via pre-

frontonigral fibers. Definite impro\ement, however,

can be produced by coagulation of the oral ventral

nuclei of the thalamus (\'.o.a. and V.o.p) or of the

pallidum without undesirable side effects (86,88, 90).

These therapeutic effects provide evidence of

facilitatory influences both from afferent and efferent

pyramidal pathways and prefrontal systems upon the
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interneuronal mechanisms of the anterior horns

producing tremor. Does the resting tremor depend

upon peripheral reflex mechanisms, especially af-

ferent impulses from muscle and tendon spindles?

Foerster (57) and Pollock & Davis (211) observed

that severing of the dorsal roots does not reduce the

resting tremor but makes it coarser and more ir-

regular. Suppression of the muscular afferents by

means of novocaine injection into the muscle also

does not decrease but rather enhances the tremor,

whereas the rigor disappears while muscular strength

is unimpaired [Walshe (289)]. Thus it seems that

resting tremor is mostly not dependent upon the

stretch reflexes of the muscles or their so-called

'external loops.' The circuit controlling muscle

length (with its receptor in the annulospiral endings)

sends inhibitory and regulating impulses through

muscle afferents to the interneuronal anterior horn

mechanisms which generate the tremor rhythm.

Furthermore, the interneurons of the anterior

horn generating the tremor are controlled by syn-

chronizing and desynchronizing reticulospinal in-

fluences [Magoun & Rhines (174, 175), Niemer &
Magoun (201)]. The desynchronizing influence

which at the same time inhibits the slow myotatic

reflexes of the parkinsonian syndrome seems to

originate in the strionigral system and to use nigro-

reticulospinal pathways as efferents. Following

deficiency of this desynchronizing effect in the

parkinsonian syndrome, descending pallidoreticular

influences originating in the external pallidum

and exerting a synchronizing effect predominate and

enhance myotatic reflexes. Simultaneously enhanced

by facilitatory pyramidal impulses, these influences

induce the interneuronal system of the spinal cord

to produce the rhythmical tremor activity. Thus,

destruction of the niger cells upsets the balance

between one synchronizing and one desynchronizing

system and, accordingly, the tonic and synchronizing

influence of the pallidum predominates. Enhance-

ment of the tremor following stimulation of the

pallidum and its permanent improvement following

coagulation of the pallidum confirms this concept

of the origin of the resting tremor of parkinsonism.

(See also the discussion of tremor in the later section

of this chapter concerned with extrapyramidal in-

fluences on reflex activity.)

A definite sign of a nucleus niger lesion in man is

the increase of muscle tone, the rigidity which is

characteristic of parkinsonism. The results of surgical

therapy of the rigidity are clearer than those for

resting tremor. Muscular resistance to passive move-

ments in this state is different from that in spasticity.

It is not elastic but viscous, adapts by lengthening or

shortening to any new, passively imposed muscle

length and maintains constant the strength of its

resistance to passive movement. According to von

Hoist (280) the automatic muscle tension regulator

is in action alone in rigidity, adapting the muscle

length to every new limb position but maintaining

the muscle tension constant. The inhibitory Golgi

tendon organs and the facilitatory flower-spray

endings on the intrafusal muscle fibers of the muscle

spindles [Hassler (88)] are receptors for muscle ten-

sion. In parkinsonian rigidity a suppression of the

circuit controlling muscle length is suggested by the

maintenance of muscle tension and by the absence

of increased and irradiating tendon reflexes.

According to Sommer (236) and Hoffmann (118)

a gamma innervation of the muscle spindles is re-

sponsible for the Jendrassik's sign and other reflex

enhancing mechanisms. Since in most parkinsonian

patients such refle.x enhancing mechanisms do not

afl"ect the rigid muscles (see fig. 21), there is probably

in them a deficient activity of central supranuclear

mechanisms for gamma innervation. However, in

parkinsonism the central excitability of the gamma
fibers is suppressed only for phasic proprioceptive

reflexes and not for myotatic reflexes [Schaltenbrand

& Hufschmidt (224)]. The responsiveness of gamma
cells to exteroceptive stimuli also remains unimpaired.

A central stimulation of the gamma cells still seems

to he possible during rigidity involving pathways

other than those active during reflex-enhancing

procedures. Granit & Holmgren (70) discovered two

different central pathways conveying impulses from

the mesencephalon to the gamma cells, a fast-conduct-

ing pathway in the lateral funiculus crossing to the

opposite side, and a slow pathway with so many

synapses that an almost total section of the spinal

cord is necessary to interrupt it completely. Only

the fast-conducting central pathway for gamma
innervation, which appears to be identical with

the nigroreticulospinal system, is deficient during

rigidity.

During many movements gamma inner\ation

precedes the alpha innervation, the former having a

kind of 'starter function'; it is precisely this function,

however, which is missing in parkinsonism, in which

the greatest difficulty is in the starting of a movement.

This accounts for the loss of a considerable number

of involuntary movements, such as the spontaneous

synergic and associated movements. The impair-

ment of \oluntarv motor activity in general may
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also be explained by this deficiency of the central

mechanism triggering the so-called 'external loop.'

This rapid gamma innervation of the muscle spindles

l)elongs essentially to the control circuit regulating

the length of the muscle in so far as it provides the

possibility of adjusting the sensitivity of the annulo-

spiral receptors. If this rapid central gamma innerva-

tion is missing, a phasic proprioceptive reflex may
still result from a sudden change in the length of the

muscle, whereas the continuous control and main-

tenance of the muscle length and its adaptation to

modified initial length becomes impo.ssible. Hence,

muscle length is not kept constant in muscular

rigidity—in contrast to spasticity—but changes in

accordance with external forces. On the contrary,

in parkinsonism muscle tension is maintained constant

against all external influences by the intact regulators

of muscle tension.

In spite of the loss of central gamma innervation,

the peripheral gamma neurons remain morphologi-

cally intact for a long time. As the investigation of

Byrnes (29) showed, morphological changes are

seen in muscle spindles and their innervation only in

cases of rigidity of more than 10 years duration. To a

large extent the increase in muscle tone in rigor is

due to an enhancement of the myotatic reflexes,

that is of the tonic component of the stretch reflexes,

whereas there is no enhancement of the phasic

(monosynaptic) stretch reflexes.

The reflex character of the so-called plastic muscle

tone, which is a component of rigidity, has been

demonstrated by its suppression following dorsal

root section [Foerster (57), Pollock & Davis (211)]

or elimination of muscle receptors by means of

novocaine injections in the muscles [Walshe (289)].

Simultaneously, there is no impairment of muscular

strength. After suppression of all muscular afferents,

the previously rigid limb no longer adapts to changes

in length by maintaining a constant muscular tension

and also is unable to regain it. This plastic muscle

tone is only one component of rigidity. In Pollock &
Davis' case of parkinsonism, contractures developed

in the biceps, the flexor carpi ulnaris and the palmaris

longus 1 1 days after complete deafferentation of the

arm by means of rhizotomy which included C 4 to

T 4. This so-called resting rigidity following complete

suppression of the component sustained by reflex

mechanisms is caused by descending central in-

fluences originating in the brain stem and impinging

upon the alpha cells; this type of rigidity is inde-

pendent of the 'external loop.' It also could not be

diminished by novocaine injections in the muscle;

it did, however, disappear during sleep. When the

head of the patient, spontaneou.sly turned toward the

side opposite to the deafferentation, was turned

back to the side of the deafferentiated arm, the tonic

contraction was diminished in the flexor muscles of

this arm [Pollock & Davis {211)].

Both plastic muscle tone and resting rigidity are

slightly decreased following interruption of the

pyramidal tract, as by Putnam's pyramidotomy.

Destruction of the caudate nucleus has no effect on

the contralateral muscular resistance [Meyers (186,

187), Browder (17)]. However, contralateral rigidity

decreases if the anterior limb of the internal capsule

and anterior parts of its posterior limb are simul-

taneously severed [Meyers (187, 188)]. Destruction

of the ansa lenticularis, either by direct exposure or by

stereotaxic methods, caused an improvement in

rigidity which was more pronounced than following

other types of operations (Meyers, Fenelon, Spiegel

and Wycis). Destruction of the pallidum either by

electrolytic lesions [Spiegel & Wycis (240-242)],

by procaine-oil injections [Narabayashi & Okuma
(199, 2ooj] or thermocoagulation (Leksell, Talairach,

Guiot, Hassler and Riechert) removes contralateral

rigidity. The same effect can be obtained by co-

agulating the nucleus ventro-oralis anterior (V.o.a.)

of the thalamus [Hassler & Riechert (86, 92)] where

the fibers form the internal pallidum terminate.

Thus, a lesion of the pallidum, or destruction of the

pallidocortical systems suppresses the rigor produced

by nucleus niger lesions. This is not consistent with

the earlier but now unacceptable pallidal theory of

parkinsonism which assumed that lesions in the

pallidum are responsible for rigidity and akinesia.

The interruption of the pallidal system, where it

may occur, obviously produces—at least in part via

efferent corticospinal fibers from area 6aa—a loss

of the synchronizing and facilitatory influences upon

the interneuronal-anterior horn mechanisms. This

not only suppresses the enhancement of the myotatic

reflexes but also the descending impulses generating

resting rigidity. If the predominance of the peripheral

mechanisms controlling muscle tone is thereby sup-

pressed, plastic rigidity with stretch and shortening

reactions also disappears. If the ansa lenticularis

and the external pallidum are simultaneously de-

stroyed, the therapeutic effect may in part be due to

the suppression of the direct descending pallido-

reticulospinal influences upon the anterior horn

system. However, this explains parts of the effects

only. It does not explain the effect of localized lesions

restricted to the internal pallidum and in particular
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not that of lesions in adjacent neuronal relays (such

as V.o.a. or Hi). The efferent pathway from the

internal pallidum terminates in the nucleus ventralis

oralis anterior of the thalamus (\'.o.a.). This nucleus

has no descending connections iaut projects to the

precentral cortex in the neighborhood of area 6aa.

Accordingly, pallidal impulses also have a facilitatory

influence on the interneuronal mechanism of the

spinal cord via pallidothalamoprecentral fibers and

the corticospinal or pyramidal tract. Suppression of

this pyramidal facilitation also produces a decrease

in the myotatic reflexes and a decrease in the im-

pulses for resting rigor. There is no full explanation,

however, for the fact that interruption of the py-

ramidal tract is much less effective in reducing

rigidity than is the interruption of a certain number

of its afferents. This may be related to inhibitory

and excitatory impulses in the pyramidal tract itself,

which are evoked fjy other afferents.

Suppression of rigor in parkinsonism also improves

posture and the control of motor activity which may
even become normal. It was surprising that even the

hypokinesia or akinesia, the so-called rigorfreie

Starre of Bostroem, normally considered as an

independent sign of parkinsonism, was improved or

suppressed after the operation and that even pre-

viously lost associated movements reappeared.

Hence, it may be concluded that their mechanism

seems to be closely related to that of rigor.

In trying to define the functional role of the

nucleus niger one must emphasize rigidity and

akinesia as the most important symptoms of its

destruction. A positive function of the nucleus niger

in the author's opinion might be supranuclear con-

trol of the gamma neurons of the anterior horn and

an inhibition of myotatic reflexes. As described above,

the gamma innervation often starts earlier than the

alpha innervation; thus the 'starter function' of the

nucleus niger in \oluntary motor activity facilitates

phasic muscle innervation, the rapid onset of a move-

ment, associated movements and many automatic

movements. The role of this 'starter function' in

'ereismatic" or supportative aspects of voluntary

movement will be considered later in this chapter.

In this connection we must emphasize the striking

melanin pigmentation of the niger neurons. It is

most conspicuous in man but is also found in monkeys

and in old horses. Melanin is an end product of

metabolic processes involving dihydroxyphenyl de-

rivates, such as epinephrine and norepinephrine.

Since melanin depots are found in the adrenal

medulla, it may be suggested that the nucleus niger

also may produce epinephrine as a transmitter sub-

stance. As Marrazzi & Marrazzi (177) showed,

epinephrine may have an inhibitory effect on the

anterior horn cells. Therefore, one might expect that

the nucleus niger exerts its inhibitory influence on

tonic muscular innervation and myotatic reflexes in

part by means of an adrenergic transmitter mecha-

nism. But the facilitation of tremor by epinephrine

and the beneficial effect in man of parasympathicoly-

tic agents on symptoms of nucleus niger lesions makes

this speculation unlikely.

NUCLEUS RUBER. The effccts of stimulation and

destruction of the nucleus ruber are very contra-

dictory. For this there arc three main reasons, a)

Anatomically the nucleus ruber is not a homogeneous

structure; its various components are hardly com-

parable in different animal species, h) It is crossed by

the brachium conjunctivum; however, only a few

fibers of this important tract terminate in the nucleus

ruber, c) It is surrounded by a great number of

structures witli motor functions unrelated to the

nucleus ruber. In order to decrease these difficulties,

we shall distinguish between experiments in rodents

and carnivores, on the one hand, and findings in

primates, including man, on the other. In rodents

and carnivores the major part of the nucleus ruber is

constituted of large cells; its efferent pathway is the

crossed rubrospinal tract. In primates and in man,

on the contrary, small cells predominate in the nucleus

ruber and its efferent pathway passes through the

central tegmental tract to the lower olives and the

reticular formation. An accurate interpretation of

the work of Mettler and his co-workers, especially

of Carpenter's findings (30), is not possible as long

as the fundamental fact is not taken into account

that, in primates, the nucleus ruber neurons pass

through the central tegmental tract. Walberg's

(284) findings also are not in conflict with this fact.

Both in dogs and cats and in monkeys and chim-

panzees stereotaxic stimulation of the nucleus ruber

area in the mesencephalon produces a pattern of

motor activity characterized by a concave bending

of the trunk and the neck toward the stimulated side,

a phenomenon known as the tegmental reaction.

This is a partial manifestation of the turning move-

ment to the ipsilateral side performed by the animal

when it is tied up or when its movements are re-

strained, as shown by Ingram, Ranson and Hannett

in cats. Such results also have been obtained by Kure

et al. (154) in dogs, by Mussen (198) in cats, and by

Mettler rt al. (184I in cats and monkeys. However,
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as the investigations of Ingram et al. (128) showed, this

effect is not due to the excitation of rubral elements

l)ut is produced by stimulation of the reticular forma-

tion and of its fiber tracts in the whole area extending

from the caudal subthalamus to the caudal pons.

The existence of a pathway extending from the

pons to the thalamus and responsible for the so-called

tegmental reaction is confirmed by Hess' extensive

stimulation and destruction experiments. In un-

anesthetized unrestrained cats it can be shown to

mediate ipsivcrsive bending. The responsible fiber

tract is the tractus vestibuloreticulothalamicus (89).

Rotation of head and anterior body, occasionally

also considered as effects of ruber stimulation, are

not caused by stimulation of the ruber itself but of

the dorsomedially located and very excitable tractus

interstitiospinalis [Hassler & Hess (91)]. As Hess also

showed, very small stimulating electrodes in the

nucleus ruber may also produce contralateral move-

ments of the limbs and the facial muscles. These

movements are caused by stimulation of the fibers

of the brachium conjunctivum cro.ssing the nucleus

ruber.

The purest effect of ruber stimulation is obtained

in rodents where it is possible to perform an almost

isolated stimulation of its efferent pathway, the

rubrospinal tract. In cats rubrospinal stimulation

causes raising of the head and the anterior body, as

Hess & Weisschedel (112) first demonstrated and

as one of us [Hassler (89)] could confirm by study

of the Hess material. This movement is not necessarily

the only effect produced by stimulation of the large

cell elements of the nucleus ruber; however, it is the

only clearly demonstrated effect. The distribution of

the ruber neurons within the nucleus is so sparse

that a stimulus intensity producing definite effects

by stimulation of fiber tracts in the neighborhood is

still too weak to stimulate enough ruber cells to yield

a visible motor effect.

Destruction of the nucleus ruber in cats [von

Economo & Karplus (275), Rademaker (216),

Mussen (197), Ingrain & Ranson (126)], which

contains large cells, produces only a short transitory

unsteadiness in gait and ataxia with overstepping if

the destruction is extensive enough to cause a definite

degeneration of the rubrospinal tract. A contralateral

decrease of muscle tone and proprioceptive reflex

activity should also be seen after this type of lesion as

well as turning postures or turning movements.

The latter are due to a concomitant lesion of the

mesencephalic reticular formation and of the ipsi-

lateral vestibuloreticulothalamic pathway. As Ingram

et al. (127) demonstrated, localized ruber lesions do

not produce impairment of labyrinthine and body

righting reflexes, as Rademaker thought, but only

impairment of placing and hopping responses in dogs.

In cats changes of muscle tone following bilateral

lesions in the nucleus ruber are reported to be vari-

able; an extensor rigidity and increased resistance to

pa.ssive movement has frequently been described

[von Economo & Karplus (275), Rademaker (216)].

The latter considered this extensor rigidity primarily

as a result of the interruption of Forel's tegmental

crossing of the rubrospinal tract. However, as Hess

has shown, circumscribed destruction of the rubro-

spinal decussation and of the higher parasagittal

mesencephalic areas produces in cats a loss of the

lifting movements with a permanent lowering of the

head. The extensor rigidity earlier described is

probably due to the fact that certain other mesen-

cephalic structures are simultaneously seriously

damaged, von Economo & Karplus, as well as Lafora,

had previously observed slow involuntary movements

comparable to athetotic-choreiform hyperkinesia

following unilateral or bilateral lesions of the nucleus

ruber. Recently Lafora {156) again emphasized the

presence of such hyperkinetic symptoms following

ruber lesions.

In monkeys destruction of the nucleus ruber or

interruption of one rubrospinal tract causes asynergia

and a coarse tremor with unimpaired postural re-

flexes [Keller & Hare {142)]. This effect seems to be

due to the interruption within the red nucleus of

fibers coming from the brachium conjunctivum.

According to Mettler and Carpenter, interruption

in the macaque of the brachium conjunctivum fibers

leaving the red nucleus in a rostral direction toward

the thalamus does not have any significant effect.

Therefore, the very thin rubrospinal tract is considered

in monkeys as responsible for the tremor, ataxia

and asynergia following lesions of the brachium

conjunctivum. In the macaque unilateral or bilateral

lesions of the red nucleus produce, according to

Mettler, a transitory ataxia, asynergia and tremor

from which the animals completely recover. Only

after very extensive bilateral lesions of the nucleus

ruber does the animal show a specific additional

impairment, a hypokinesia, which, however, does

not impair motor dexterity. In monkeys Carpenter

did not obser\-e any hyperkinesia following localized

destruction of the nucleus ruber.

In clinical neurology an upper and a lower ruber

syndrome are recognized. The upper syndrome

[Chiray et al. (36)] consists of hemiataxia and hemi-
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paresis (often hypotonic) with a coarse static and

action tremor on the contralateral side combined

with disorders of articulation. Benedikt's lower ruber

syndrome is characterized by an ipsilateral paralysis

of the oculomotor nerve combined with a contra-

lateral hemiasynergia, unilateral athetotic movements

with rhythmical myoclonic activity of the extremities,

or a coarse contralateral tremor. The occasional

muscular rigidity is probably due to a simultaneous

lesion of the adjacent nucleus niger. Particularly

uncomplicated cases of ruber lesions were described

by von Hall^an & Infeld (277) and Marie & Guillain

(176). In the cases with a long history the clinical

picture showed a spastic hemiplegia with contrac-

tures and athetotic movements.

In summary, it may be said that the most evident

symptoms following destruction of the nucleus ruber

in monkeys and man are static tremor, choreo-

athetosis and sometimes myoclonic disorders of the

contralateral side. In carnivores these disorders are

not regularly produced; instead the most consistent

effect of stimulation is a lifting of the head and an-

terior body. A better understanding of nucleus ruber

function could be obtained by stimulating and

coagulating the nucleus ruljer following previous

degeneration of the brachium conjunctivum fibers.

This type of experiment has been done by Wycis et al.

(297) who found that the resting tremor is not con-

sistently changed after destruction and degeneration

of the brachium conjunctivum. According to our

view of its place in the motor fiber systems, the small

cells of the nucleus ruber play an essential role in

the control of the motor systems of the cerebral cortex.

As was pointed out in the chapter dealing with the

efferent mechanisms, the nucleus ruber sends cere-

bellar impulses via the central tegmental tract and

inferior olives back to the cerebellar cortex.

Slatokinetic and Locomotor Structures

in Brain Stem

The central statokinetic mechanisms control the

posture and motor acti\ity of the body itself, in

contrast to the teleokinetic mechanisms necessary for

reaching objects outside of the body. The statokinetic

systems also are responsible for establishing and

maintaining the equilibrium of active posture during

wakefulness. As the basic 'start position' the latter is

a prerequisite for spatial orientation by means of the

various sensory systems and for consequent purposive

actions.

The semicircular canals, the otoliths and the neck

receptors are the sensory systems essential for

statokinesis. The otoliths are responsible for the

continuous presence of tonic vestibular reflexes which

do not show adaptation to the stimulus. Cephalad to

the level of Sherrington's intercollicular decerebra-

tion we find the mechanisms mediating the functions

that Magnus, De Kleijn and Rademaker called

stellreflexe which control body posture, standing

and locomotion and provide stability even against

suddenly disturbing factors. Using these propriocep-

tive locomotor mechanisms, animals lacking higher

brain structures can move around freely and counter-

act external influences on their movements as long as

olfactory or visual perception is not necessary. The
semicircular canals provide the statokinetic systems

with impulses making possible compensation for

passive angular acceleration. The otoliths are used

to compensate for rectilinear acceleration and to

correct modified posture, whereas proprioceptive

impulses from the muscles, especially from those of

the neck, correct changes in posture of the various

parts of the limbs and the relation of the parts of the

body to each other.

At their highest le\'el the statokinetic systems are

di\ided into several neuronal mechanisms, each of

which regulates movements in one direction in space.

However, these directions in space are not identical

with the positions occupied by each pair of semi-

circular canals. The latter therefore do not corre-

spond directly to these central representations of

forces for movements in the various directions of

space : turning to the ipsilateral (ipsiversive) or contra-

lateral (contraversive) side in the horizontal plane,

upward and downward movements in the vertical

plane, as well as rotation around the longitudinal

axis of the body in the frontal plane.

A survey of the neuronal mechanisms for the

direction-specific movements which can be evoked by

mesodiencephalic stimulation appears in figure 8. A
topographical representation of the diencephalic areas

yielding such responses will be found in figure 9.

NEURONAL MECHANISMS OF ROTARY MOVEMENTS AROUND

LONGITUDINAL AXIS. Usiug wcak monopolar stimuli

and thin electrodes, Hess (too, loi, 107) was able to

produce rotatory movements of the head around the

longitudinal axis toward the side of stimulation in

unanesthetized unrestrained cats. If low-frequency

stimulation is used, each stimulus induces a rotatory

movement, the head partially returning to the original

position in the interval separating two stimuli. Some-

times the rotation also in\olves the anterior part of
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ter, longit. bundle

FIG. 8. Diagram of nuclei and tracts involved in posture and responsible for direction-specific

motor effects of mesodiencephalic stimulation. Rotation movements are regulated by the interstitial

nucleus {Ist) and its fiber systems ( ). Raising movements are regulated by the praestitial nucleus

{P.sl) and its fiber systems ( ). This tonically active nucleus sends short fibers to the nucleus

ruber magnocellularis (/?u) from which arises the rubrospinal tract («/. spi.). Lowering movements
are regulated by the praecommissural nucleus {Pr. co) and its fiber systems (+-(-++ -|-). The
efferent fibers constitute the praecommissurotegmental tract. All descending fiber tracts of the di-

rection-specific systems send collaterals to the nuclei of the ocular muscles (n. ///, IV and Vl) and
the reticular formation.

the body or even the whole body in such a way that

the cat rolls around its longitudinal axis. In unre-

strained animals the position of the eyes is normal in

relation to the head. However, if the head rotation is

impossible, an intermittent rotation of both eyes in

the same direction appears which is easy to recognize

becau.se of the slit-shaped pupils. In encephale isole

cats, where head rotations are impossible, stimulation

of the same central area produces only conjugate

rotatory eye movements [Hyde & Eliasson (124,

125)].

Coagulation of an area producing rotatory move-

ments is followed by a inirror-image defect: the head

of the cat is continuously rotated to the opposite

side, while the eyes are kept in normal position in

relation to the head (fig. 10). Electrical stimulation

of the coagulated area has no effect. These mirror-

image disorders usually last over a period of several

days and then disappear slowly. However, they also

can last several months.

The mirror-image defect is attributable to the

fact that under normal conditions the inechanisms

for rotatory movements in both hemispheres are in

tonic activity during wakefulness and that there is a

balanced relationship between both sides which

assures the head of being kept in the normal position.

Following destruction of one mechanism, the other

side becomes predominant and produces rotation

of the head toward its side.

The mechanism responsible for rotation around

the longitudinal a.xis lies in the nucleus interstitialis

of Cajal with its descending and ascending con-

nections [Hassler & Hess (91)]. Its large nerve cells

give rise to the particularly large interstitiospinal
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fibers, which constitute the medial border of the

fasciculus lons;itudinalis medialis. They send col-

laterals to all the eye muscle nuclei (fig. 8) and termi-

nate in the interneurons of the anterior horn of the

cervical cord and in the nucleus of the accessory

nerve. In all experiments yielding a permanent

rotatorv posture of the head the.se fibers show de-

generation (see fig. 10). The.se findings confirmed the

conclusions of Muskens (196) who.se lesion experi-

ments in 1 91 4 had led him to regard this structure as

responsible for rotatory postures.

Furthermore, many fibers also leave the nucleus

interstitialis in rostral and lateral directions. It is

not yet known whether these fibers are collaterals of

the interstitiospinal fibers or whether they are axons

of smaller nerve cells of the nucleus interstitialis.

In tiie rostral direction fibers go (fig. 8) a) to the

nucleus ventro-oralis thalami (V'.o.i.), h) to the nucleus

reticulatus thalami, laterally from the \entrocaudal

nuclei, and c) to the nucleus entopenduncularis and

nucleus sui:)thalamicus via the ansa mesencephalica

ascendens. Weak stimulation of all these fibers pro-

duces rotatory movements. There is still no evidence

as to whether this is also true for the fibers connecting

the nucleus interstitialis to the nucleus niger and the

supraoptic commissure of Ganser. Only the most

mediallv located fibers of the brachium conjunctivum

can produce slight head rotation following electrical

stimulation, according to Hess & Akert (no). These

fibers terminate partly in the nucleus ventro-oralis

internus of the thalamus where they become con-

nected with the eff'erent mechanism for rotation.

These fibers originate in the medial cerebellar nuclei

where Koella (152) in 1955 demonstrated rotatory

movements with a technique similar to that of Hess.

The nucleus interstitialis also receives afferent

vestilnilomesencephalic fibers from the ipsi- and

contralateral side, partly originating in the nucleus

vestibularis superior of von Bechterew. These rotatory

effects are to be regarded physiologically as com-

pensatorv movements following rotatory stimuli,

equivalent in effect to artificial electrical stimulation

of the fiber connections of the nucleus interstitialis.

NEURON.\L MECH.-SiNISMS OF UPW.^RD MOVEMENTS. Low-

frequency threshold stimulation of the areas located

medially and rostrally to the nucleus interstitialis (as

shown in figs. 8 and g) induces upward movements of

the head and the anterior body which show syn-

chrony with the stimulus frequency up to a rate of 8

per sec. .Simultaneously the animal opens the eyelids,

its pujiils dilate, and the animal looks awake and

FIG. q. Location in the cat dienccphalon of points the stimu-

lation of which produces direction-specific motor responses of

the head and body. Left: Frontal section at the level of the

posterior ventral nuclei iV) of the thalamus (Th.), H-fields (H)

and corpus mammillare {cm.). Ri^hl: Horizontal section show-

ing the landmarks of the fornix (Fo), tract of Vicq dWzyr

{V.dW.'), tractus Meynert (Tr.M.) and posterior commissure

(C.p.). The responsive areas are represented by hatched lines,

broken lines or circles. The responses are indicated by symbols

plotted in the center of the region from which they were evoked.

Note the distribution of the fields with partial overlapping in

horizontal and frontal planes. Perhendiculur hatching indicates

lowering,, perpendicular broken lines, elevation; circles, rotation in

the frontal planes; horizontal hatching, contraversive deviation in

the horizontal plane; horizontal broken tines, ipsiversive deviation

in the horizontal plane. [Redrawn after Hess et al. (iii) and

Hess (107).]

slightly excited. If stronger stimuli are used, the

contralateral shoulder and the forelimbs, but rarely

the hind limbs, are involved. If the head is fixed, both

eyes show conjugate vertical movements (87).

Coagulation of an area producing upward move-

ments leads to a mirror-image defect: lowering of the

head and anterior part of the body. Bilateral total

destruction of the structures responsible for these

movements produces a continuously lowered posture

of the head, the chin leaning on the floor. Simul-

taneously there is also a loss of the ability to follow

objects with the eyes in the vertical upward direction.

Thus, it appears that the mechanism for upward

movements is also tonically active during wakefulness.

If there is an additional bilateral lesion in the dy-

namogenic zone of Hess in the posterior hypothalamus,

the cats are drowsy, hardly react to environmental

stimuli and do not correct uncomfortable postures.
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FIG. 10. Mirror-image effects on head

position of stimulation and coagulation

in the interstitial nucleus. Upper left:

Stimulation (0.5 v., 8 per sec.) of the

left interstitial nucleus causes rotation

of the head to the left. Upper right: One
day after coagulation at the stimulation

point there appears a mirror-image ro-

tation of the head to the right. Lower:

The anatomical correlate of the rotated

posture of the head i.s the degenerated

intcrstitiospinal tract {is. spi). The stim-

ulation point lies 0.5 mm more laterally.

[From I lassler & Hess (91)-]

The tonic coordinating mechanisms mediating

upward movements are located in the ventroanterior

mesencephalon dorsocaudally to the mammillary

bodies and rostroventrally to nucleus interstitialis,

according to Hassler (87). Their anatomical substrate

is the nucleus prestitialis which is also called the

nucleus interstitialis ventralis or inferomedialis (fig.

8). This nucleus has the following efTerents which

evoke more or less pure upward movements around

the transverse axis on electrical stimulation: a) the

descending fasciculus prestitiolongitudinalis found

medially within the fasciculus longitudinalis medialis

sending collaterals to all eye muscle nuclei and ending

with a few thin fibers in the anterior horn of the

cervical cord; h) the tractus tegmenti medialis,

first described by Ogawa, which lies parallel to and

slightly ventral to the fasciculus longitudinalis

medialis and which sends its descending fibers down
to the medial accessory olive, thus conveying im-

pulses for upward movements to the cerebellum;

c) the prestitiohypothalamic fibers passing rostrally

through the hypothalamus along the external border

of the central grey which convey impulses to hypo-

thalamic mechanisms correlated with emotional

reactions; and d) the prestitiorubral fibers going in a

caudal direction to the anterior part of the nucleus

ruber (see fig. 8). The efferent pathway of the nucleus

ruber, the rubrospinal tract, produces raising of the

head and anterior body when stimulated electrically,

as shown by Hess & Weisschedel (i 12). This pathway

provides the mechanisms for upward movements

with a fast conducting descending pathway to the

anterior horn system. In contrast to the nucleus

prestitialis and its pathways, the tractus rubrospinalis

is not maintained in tonic activity (87). Less con-

spicuous connections are also made from the nucleus

prestitialis to the nucleus entopeduncularis and to

the pallidum. These fibers connect the statokinetic

systems with the extrapyramidal centers.

NEURONAL MECHANISMS OF DOWNWARD MOVEMENTS.

Physiological investigation of the mesencephalon
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in cats by means of electrical stimulation has demon-

strated separate mechanisms responsible for down-

ward movements of the head and anterior body

(fig. 9); their rostral limit is located just in front of

the posterior commissure according to Hess (106).

The effects following low-frequency stimulation show

synchrony with the stimulus frequency but slow

recovery after each stimulus; thus a progressive

lowering of the head and anterior body occurs until

the cat touches the ground with its head. A few areas

located very close to the mid-line, when stimulated,

show laehavioral depression of the animal in addition

to the tilting effect.

The mechanism for downward movements is also

tonically active. Its destruction produces an upward

posture of the head with upward looking eyes. The

cat than stalks around and lifts its feet unusually high.

The defect is compensated after a few days.

The structure coordinating these movements is

the nucleus precommissuralis (fig. 8) located im-

mediately rostrally to the posterior commissure and

dorsally to the aqueduct, according to Hassler (un-

published observations based on material in the

Hess collection). Its efferent pathway is the tractus

precommissurotegmentalis, corresponding to the

thalamopretectotegmental tract of Bucher and

Biirgi. The pathway follows the fasciculus longi-

tudinalis medialis within its lateral area, sends

collaterals to the nucleus nervi al^ducens and to the

reticular formation of the medulla oblongata, and

terminates in the area of the inferior olives. Only a

few collaterals go rostrally to the caudal lamella

medialis thalami which belongs to the hypnogenic

zone of Hess.

NEURONAL MECHANISMS OF IPSIVERSIVE TURNING

MOVEMENTS. Movements in the horizontal plane are

coordinated by two separate systems: one for ipsi-

versive and the other for contraversive turning move-

ments.

In freely moving animals ipsiversive movements

can be induced by stimulation of the pontine and

mesencephalic reticular formation. The often dis-

cussed so-called 'tegmental reaction' (of Thiele as

well as of Ingram, Ranson and co-workers) is nothing

hut an ipsiversive movement distorted by anesthesia

and by the fact that the animal is restrained [Biirgi

(27), Hassler (89)]. This effect looks very much like

the compensatory vestibular movements in the

horizontal plane produced by Bartorelli and VVyss

using rotational stimuli. In contrast to rotation,

upward and downward moxcments, ipsiversive

turning movements do not show synchrony with the

stimulus frequency, even at frequencies as low as 8

per sec, but are continuous. Both onset and dis-

appearance occur with a certain latency. The eyes

do not precede in the direction of the movements.

The corresponding anatomical structure is a

fiber Ijundle within the dorsolateral reticular forma-

tion, the \estibuloreticulothalamic tract [Hassler

(89)]. This nondecussating pathway consists of the

fasciculus tegmenti dorsolateralis and of its prolonga-

tion in the tegmental fascicles of Forel terminating

in the nucleus ventrointermedius of the thalamus

(see fig. 11). Many fibers end in the mesencephalic

reticular formation and are replaced by new fibers.

After removal of the cereljrum, ipsiversive turning

movements can also be produced by stimulation of

the exposed surface of the mesencephalon (Thiele)

which activates descending reticular pathways. The

sustained character of the movements results from

the transmission of the impulses through a great

number of reticular synapses before they reach the

efferent reticulospinal pathways leading to the spinal

cord. The highest destination of this pathway, the

nucleus ventrointermedius thalami, projects to the

region of the central gyri. Walzl & Mountcastle

(290), Kempinski (143) and especially Mickle &
Ades (191) were able to detect changes in electrical

activity along this pathway following electrical or

physiological vestibular stimulation. In cats the

vestibular projection to the cortex is located in the

anterior suprasylvian gyrus, corresponding to the

inferior postcentral gyrus in primates. In human

subjects Penfield & Rasmussen (209) stimulated the

area of the central g>rus; the eye movement most

frequently obtained was a conjugate lateral eye

deviation to the ipsilateral side which is understand-

able on the basis of the existence of the above men-

tioned pathway. (In man eye movements are to a

considerable extent independent of movements of

the head and trunk.) Because of certain features of

the nerve fiber systems involved, one of us (Hassler)

considers area 3a, which contains giant pyramidal

cells, as the central vestibulocortical projection.

NEURONAL MECHANISMS OF CONTRAVERSIVE TURNING

MOVEMENTS. Contraversive turning movements are

much more varied in their physiological characteristics

and anatomical substrates than those just described.

The adversive movements following stimulation of

many extrapyramidal cortical areas also belong

to this group. Such movements generally occur after

a short latency but occur continuously, even at
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FIG. II. Neuronal mechanism for turnina; movements in the horizontal plane to the left side.

The apparatus for ipsiversive turning is schematically drawn on the left of the figure, that of contra-

versive turning on the right. From the vestibular nuclei (Neve) arises the ipsilateral vestibuloreticulo-

thalamic tract which is called the dorsolateral tegmental fascicle (F.t.dl) in its first part and, more

rostrally, Forel's tegmental fascicles (F.Fo). The fibers of this fascicle terminate in the ventrointer-

mediate nucleus of the thalamus (V.im). From there arise the cortical projections to the central

region, probably area ja. One of the contraversive turning systems starts from the anterior thalamic

nucleus (A.pr) and reaches area 2^ of the gyrus cinguli. This area and all adversive cortical areas

(5, 6, J, 22) send fibers through the internal capsule iCa.i) to the entopeduncular nucleus (Pall.i).

This nucleus also receives fibers from the caudate nucleus (Cd). The efferent tract runs through the

zona incerta iZ-i) near the subthalamic nucleus and crosses the mid-line in the anterior midbrain.

It is connected with the reticular formation which contains the apparatus for all turning move-

ments to the same side. Its efferent tract is mainly the reticulospinal tract (T.rl.fp). Another pathway

for contraversive movements arises in area /8 and passes through the tectum opticum (T.op) where

it is connected with the substrate of optic grasp reaction. The efferent path, the tectospinal tract

(T.t.sp) also mediates contraversive turning. It crosses the mid-line and descends as the predorsal

fascicle (F.pr.d). [From Hassler (89).]

Stimulus frequencies below lo per sec. The eye move-

ments precede the body turning in the same direction.

Stimulation of many areas simultaneously produces

a dilatation of the pupils. Contraversive turning

movements easily merge into circling movements.

The latter have been described above as related

also to the caudate nucleus. The conjugate eye

moveinents produced by stimulation of the tectum

opticum, also called visual grasp reactions (Akert

and Hess), rarely turn into circling movements.

Following stimulation of the cingulate gyrus the body

and head follow the movements of the eyes to the

contralateral side only after some time. In man these

contraversive movements are almost completely

restricted to the eyes. Such a deviation conjiiguee can

be shown experimentally in an encephale isole prepara-

tion in which movements of the trunk and limbs are

impossible [Hyde & Eliasson (124, 125)]. In un-

restrained cats passive holding of the head may be

sufficient to induce an isolated conjugate movement
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of the eves instead of tlie turning; movement of the

head.

The mechanisms for tiirnint; mo\ements (contra-

and ipsiversive) again show tonic activity. Tlieir

destruction is followed by a tendency to circling

movements in the direction opposite to the effect of

stimulation, that is in contraversive direction fol-

lowing destruction of the ipsiversive structures and

in ipsiversive direction following destruction of the

contraversive substrate. The perception of sensory

stimuli contralateral to the direction of circling fol-

lowing operation ma\' be considerably impaired or

even abolished [Hess (103, 104)]. This effect cor-

responds to the hemianopic impairment of attention

and to the results of destruction of the frontal eye

fields in human pathology. If the destructon is not

too extensive, the horizontal circling movements

disappear after a few days.

The neuronal systems responsible for these move-

ments are manifold and, as a result of the length of

their fibers, can be found in many areas of the brain.

The nucleus caudatus, the nucleus entopeduncularis,

the zona incerta and its caudal efferent fibers all

contain substrates for contraversive turning move-

ments [Hassler (89)]. It is probable that these areas

also are connected in part with the efferent pathways

originating in the cortical fields responsible for

adversive movements. These pathways and their

possible interrelation are shown schematically in

figure 1 1. In any case, there is in the anterior mesen-

cephalon a connection between these neuronal systems

and the reticular mechanisms responsible for ipsiver-

sive turning movements. The fibers responsible for

conjugate deviation of the eyes to the contralateral

side seem to cross the mid-line at a higher level. A
common 'selecting organ' (Hess) for all turning move-

ments to the ipsilateral side seems to e.xist in the

mesencephalic reticular formation, as shown in

figure 1 1

.

Cortical Extrapyramidal Areas in Relation to

Subcortical Extrapvramidnl Centers

The functional relationship between the cortical

areas and the subcortical extrapyramidal structures

requires discussion. In animals stimulation of some

areas of the cortex can induce motor reactions even

though the pyramidal tract has been severed in the

medulla, as Starlinger (245) first showed in dogs.

His observations were confirmed later by Prus (214),

Rothmann (221), Vogt & Vogt (267), Tower (255)

and others. These areas were accordinglv called

extrapyramidal motor cortical fields. By electrical

stimulation, Vogt & Vogt (267) distinguished from

area 4, the primary motor field, a secondary field,

area 6, where stimulation also produced selective

movements which in contrast to those evoked from

area 4 are less sharply localized and are accompanied

by adversive movements to the contralateral side.

Later (268) these workers described the responses to

stimulation of many other cortical areas, including a

tertiary motor field in the frontal cortex (area 6a/3),

various areas producing adversive movements, and a

peculiar inhibitory area for rhythmical chewing and

licking movements (area 87). Foerster (58) obtained

the same results in human subjects.

Destruction of area 6 as a whole causes "forced

grasping.' This first appears as 'coarse grasp reflex'

[Seyffarth & Denny-Brown (232)] which can be

produced by strong pressure applied to the palm and

appears as a reflex contraction of the flexor muscles

of the fingers. This effect later turns into a true grasp

reflex which is eliminated by complete deafferenta-

tion. Finally, the 'instinctive grasp reaction' appears

which consists of movements of orientation of the

hand produced by contacting any place of the palm.

According to Denny-Brown (41 ) the grasp reaction is

permanently released only following combined

destruction of the cingulate gyrus, the supplementary

motor area and area 8. If only parts of these areas

are destroyed, the grasp reactions disappear later.

Simultaneously with the appearance of the grasp

reactions there is a loss of the 'avoiding reaction' (42).

Bilateral destruction of areas 4 and 6 produces the

so-called 'thalamic reflex pattern,' so named because

of its similarity to the motor reactions of the de-

corticate (thalamic) monkey. In this preparation

all postural and locomotor reactions remain unim-

paired. However, directed motor activity is dominated

by the grasp reactions. If the animal lies on its side

the grasp reactions of the extremities lying under-

neath are decreased while those of the extremities

of the upper side are enhanced. Simultaneously the

flexor reflexes are exaggerated and the head is kept

elevated [Fulton & Dow (65)]. Tonic neck reflexes

are consistently present only if the ventral part of

area 4 and 6a, including area 6b«, has also been

removed. Additional bilateral destruction of the

labyrinth restores the normal posture of the head and

decreases the strength of the neck reflexes and all

postural reactions including the grasp reflexes.

Following head rotation these animals extend the

'jaw' limbs and flex the 'skull' limbs and simul-

taneouslv show an enhanced grasp reflex. Thus, the
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grasp reflexes are always particularly pronounced in

the flexed extremities. A spastic increase of muscle

tone is often, but not always, combined with the

forced grasping. .\ kinetic apraxia of the limijs may
occur in man along with grasp reactions following

lesions of area 6.

Stimulation of area 4s (the strip region of Hines)

produces relaxation of hypertonic muscles or \olun-

tary contractions in the contralateral extremities or a

slow tonic movement of the ipsilateral fingers, elbow

and shoulder [Wyss (298)]. According to Bucy &
Fulton (26), these ipsilateral efTects are not mediated

in the spinal cord by the pyramidal tract. Destruction

of area 4s produces a transitory spastic paralysis

which can be enhanced by lesions in area 6 or area 4.

McCulloch et al. (179) were able to demonstrate a

pathway froin area 4s to the medial reticular forma-

tion of the medulla from which the impulses were

conveyed to the spinal cord through reticulospinal

fibers. These findings are in keeping with Wagley's

observations (283) that interruption of the lateral or

ventral reticulospinal tract, in addition to the py-

ramidal tract, is necessary for the appearance of a

spastic increase of muscle tone. The inhibitory fibers

of the medial reticular formation reach certain

interneurons of the anterior horn.

Connections of area 4s with the caudate nucleus

were found with the strychnine method, but could

not be confirmed by the Marchi method [Verhaart &
Kennard (265)]. The suppressor effects of area 4s,

apparently demonstrated in older experiments, have

been largely refuted; this is, however, not true for

the motor efTects of stiinulation described here. Ac-

cording to the investigations of Travis (257), spastic

hypertonus following cortical lesions in the macaque

appears only if the supplementary motor area is

removed in addition to the precentral motor area.

As the corticofugal projections of the supplementary

motor area enter the cortical white matter rostrally

to the efferents of the precentral motor area, they

probably were interrupted in the white matter in

earlier experiments in which extensive lesions of area

4s were produced. This would explain the spasticity

occuring after these lesions.

The anatomical and electrophysiological topog-

raphy of area 6 was first studied by Vogt & Vogt

(268). The part having no giant pyramidal cells,

located immediately rostrally to area 47, is called

area 6aa; in front of this area and covering the

convexity and the medial .surface of the brain they

differentiated area Sa/J, and in addition areas 6ba

and 6b/3 located at the lower end of the central

gyrus. Later Hines (113-115) separated the strip

region (area 4s) from the frontal border of area

6aa. Area 8 of Brodmann, which has a very thin fourth

layer, constitutes the transition to the granular

prefrontal cortex.

Faradic stimulation of area Gaa produces tonic

isolated movements mostly of the large proximal

joints of the contralateral extremities, with a tendency

to involve the other joints of this limb and of the

other limb of the same side. The ipsilateral limbs are

also involved and sometimes even first [Bucy &
Fulton's ipsilateral representation (26)]. The thresh-

old is higher and the responses have a longer latency

than those obtained from area 4 and thev outlast the

stimulus for a longer time. The safety margin for

epileptic seizure activity is much smaller and bar-

biturate anesthesia more easily blocks the responses

to stimulation of area 6aa. If stronger stimuli are used,

an adversive movement of the whole bodN' to the

opposite side appears in addition to the tonic isolated

movement. The tonic isolated inovement is mediated

by area 4, whereas the adversive movement is pro-

duced by direct projections to the brain stem [\ ogt &
Vogt (268)]. Stimulation of the face area of area

Gacn produces complex movements of groups of facial

muscles due to excitation of the adjacent area 4

[Walker & Green (287)].

Area 6a(3 [Vogt & Vogt (268)], when stimulated

with threshold stimuli, gives rise to adversive move-

ments mediated by direct efTerent fibers. In monkeys

this is true both for the areas covering the convexity

and the medial surface of the brain. Stronger stimuli

produce additional tonic isolated movements, con-

sidered to result from propagated excitation of area 4.

Lesions of area 6a|fl are followed by the appearance of

a grasp reflex without spasticity.

Stimulation of area 6ba even with weak currents

produces rhythmical movements of the mouth and

the lips, chewing and swallowing movements as well

as salivation [Vogt & Vogt (268)]. These efTects are

mediated by direct efferent paths and remain un-

impaired after removal of area 4.

Weak stimulation of area 6b/3 and of its dorsal

continuation in area 87 elicits inhibition of respira-

tion or of the rhythmic chewing, swallowing, mouth

and respiratory movements which can be obtained by

stimulation of area 6ba. These movements are

mediated by direct centrifugal pathways. Stronger

stimuli also produce adversive movements [Vogt &
Vogt (268)]. Stimulation of area 8 produces opening

of the eyelids and conjugate lateral movement of the

eyes sometimes with turning of the head to the op-
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FIG. 1 2. Neuronal chains of the central motor
systems, showing the relation of the lower extra-

pyramidal structure? with the cerebellum, the

cerebral cortex and the spinal servomechanisms.

Upper part. The schematic drawing shows on

the ri^ht side the cerebellum with its spinal afferent

pathways, the spinocerebellar tracts (spi.-ce), to

the three longitudinal zones of the anterior cerebel-

lar lobe. Impulses arising in integrating corticad

areas (areae Jront., temp., pariet.) pass through

corticopontine tracts and intermediate pontine

nuclei iP.ini) to the semilunar lobe (5/) of the

cerebellar hemispheres. From there they run

through the parvicellular part of the dentate

nucleus (Dt.pc) and the dentatothalamic fibers

to the posterior ventral oral nucleus of the thalamus

(V.o.p) and to area 4 of the cerebral cortex (.^7).

The large fibers of the pyramidal tract originating

in area 4 send collaterals to the oral pontine

nuclei (P.O.). There a tnultineuronal reverberating

circuit starts to the lateral or quadrangular part

of the anterior cerebellar lobe iQa), leading

through the magnocellular dentate nucleus

IDl.mt:) to the red nucleus (/?«). Thus the pvrami-

dal impulses coordinate cerebellar and rubral

control systems with the reticular formation and

spinal cord. After one loop through the cerebellum

to the motor corte.x is passed, another circuit goes

through the red nucleus and the central tegmental

tract to the inferior olive ( 01) leading back to the

quadrangular anterior lobule, so closing the self-

controlling circuit of the pyramidal system start-

ins; in the semilunar lobe of cerebellum. From the

oral pontine nuclei (P.o) start two other neuronal

chains over the intermediate part of the anterior

cerebellar lobe (p.im). The first goes through the

emboliform nucleus (Eb) and the centrum media-

num (Cc) to the caudatum iCd) andputamen (Put).

The continuation of this first neuronal chain is

omitted because it spares the cerebellum. The
second chain passes fi'om the intermediate part

of the anterior lobe through the globose nucleus

(Gl) to the substrate for rotation in the nucleus

interstitialis (1st). Its main efferent pathway is the

interstitiospinal tract (ist-spi) to the anterior horns.

This postural pathway has also a self-controlling

circuit via the medial tegmental tract, the medial

accessory olive (m.ol) to the intermediate part of

anterior lobe near the vermis anterior (V.a).

From V.a., fibers arise to the vestibular nuclei

(Vest) and to the reticular formation (Rt) of the

brain stem. The efferent pathways are the vesti-

bulospinal and reticulospinal tracts (ve.-spi and

rl.-spi). .\l\ efferent fiber tracts reach the inter-

neuron pool of the anterior horns. In the spinal

cord extrapyramidal impulses do not excite the

motoneurons directly but probably end in inter-

neurons influencing the external servomechanisms

of muscle length and muscle tension or fire gamma
neurons to the intrafusal muscle fibers of muscle

spindles.

Lower right. Spinal servomechanism regulating

muscle length. The receptors are the annulospinal
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posite side. Removal of area 8 is followed by a

transitory loss of attention and an impainnent of

response to all stimuli from the opposite side, a state

resembling the hemianopic impairment of attention

in human disorders called 'unilateral neglect' by

Welch & Stuteville (292J. There is, furthermore, a

paralysis of conjugate horizontal movement of the

eyes to the side of the lesion and occasionally forced

circling of the animals in the same direction. Bilateral

resection of area 8 produces a bilateral restriction of

the visual fields and increased motor activity with

almost continuous locomotor mo\ements [Kennard

etal. (147)].

Localized stimulation of the postcentral gyrus

(areas 3, i and 2) is followed by reflex twitching of

those parts of the body having their sensory repre-

sentation in the stimulated area. The motor efTect is

due to propagation of the stimulus and excitation of

the motor representation located approxiinately at

the same level in the precentral gyrus. Lesions of

these areas 3, i and 2 do not cause any marked motor

impairment; a permanent hypotonia of the muscles

appears but voluntary motor activity is fully restored.

Simultaneously the contralateral proprioceptive re-

flexes are slightly enhanced. The hypotonic central

paralysis rapidly produces a contralateral muscular

atrophy which almost never occurs following precen-

tral lesions in spite of stronger impairment of vol-

untary motor activity.

In man the responses to stimulation of the extra-

pyramidal cortex are still problematical, but Foerster

(58) found responses of the different cortical areas to

be very similar to those described by \'ogt & Vogt

in the monkey. Penfield and co-workers later studied

the differentiation of the precentral cortex in greater

detail; they however failed to distinguish between

pyramidal and extrapyramidal fields. The delimita-

tion of the motor area toward the frontal pole has

not been clearly established. The speech arrest and

endings of the muscle spindles. They send la afferents to

the posterior root and send reflex collaterals directly to the

alpha motoneurons (a). This regulating circuit can be shifted

to higher sensitivity by gamma innervation of the intrafusal

muscle fibers of the muscle spindle. When no central innerva-

tion by gamma neurons is available, this servomechanism

regulating length is interrupted.

Lower lejl. Spinal servomechanism regulating muscle ten-

sion. This mechanism has facilitatory receptors in the flower-

spray endings and an inhibitory receptor in the Golgi

tendon organs. Their centripetal fibers, the Ih and // aff'erents

in the posterior roots, influence the motoneurons by chains of

interneurons. This tension circuit can also be shifted to higher

sensitivity by gamma innervation. [Redrawn from Haissier (88).]

\ocalization fields and, in particular, the motor

supplementary field located on the medial side of

the heinisphere with its somatotopic organization

were added to the picture. \'ogt's map of cortical

stimulation designates the latter field as part of area

6a/3. In the newest maps of cortical stimulation pre-

pared by Penfield & Jasper (208) there is no com-

ment whatsoever on the problem of the extrapy-

ramidal cortical areas and their functions.

Responses to stimulation during subcortical opera-

tions on the thalamic nuclei projecting to area 4, 6

and 8 closely resemble the responses of the correspond-

ing cortical areas as would be expected on the basis

of the very close functional and anatomical inter-

relationship between these structures.

The resection of parts of area 6 by Horsley was the

beginning of the modern surgical therapy of hyper-

kinesia. The physiological significance of this ob-

servation has been discussed above (p. 877).

Extrajnramidal Efferent Alechanisms and

Their Interrelations with Cortical

and Cerebellar Systems

The parts of the extrapyramidal motor system least

well known are the efferent mechanisms. Their

functional role is understandable only on the basis

of an overall analysis of motor mechanisms in relation

to the cerebral cortex and the cerebellum.

Within the organization of the motor system there

is a highest level above that of the precentral motor

cortex which makes possible cortical teleokinetic

activity (see p. 903). This "psychomotor" level is

located in primates in the so-called association areas

of the frontal and temporal lobes and possibly also

in the integration areas of the parieto-occipital cortex.

Impulses for extrapyramidal associated movements

and for readiness of the peripiieral motor system

—

probably mediated by the gamma neurons of the

anterior horn—can be initiated over connections

between these prefrontal and parietotemporo-occipital

areas and the nucleus niger (via the tractus pre-

frontonigralis and temporoparietonigralis). As we

know, the intention of moving or its iinagination

produces an increase of muscular tone under normal

conditions and may even evoke involuntary move-

ments or spasms in patients with hyperkinetic dis-

orders and serious pyramidal lesions. A pathway

from the nucleus niger to the internal pallidum

simultaneously changes the excitability of the pre-

motor cortex (areas 6aa, '4s' and 6a|8). These pre-

frontal and parieto-occipital association areas have

particularly important connections with the pontine
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central grey via the frontopontine (Arnold) and

parietotemporopontine bundles (Tiirck). An afferent

control circuit involving the cerebellum becomes

effective in regulating voluntary movements by

means of these very numerous corticopontine con-

nections—especially in primates and in man—the

fibers of which are much more numerous e\en in the

macaque than are the fibers of the pyramidal tract

[Verhaart (263, 264)]. As shown in figure 12 this

circuit goes back to the cortex since the nuclei pontis

intermedii are closely connected with the neo-

cerebeliar hemispheres whicli cooperate intimately

with the motor cortex, particularly by excitation of

area 47, the principal site of origin of the largest

fibers of the pyramidal tract. The neocerebellum

projects to area 47 via the brachium conjuncti\um

and the nucleus \entro-oralis posterior thalami

(X'.o.p.). The existence of this neuronal link has also

been confirmed electrophysiologically by W'alker

(285).

Thus, by means of the detour o\er the cerebellar

hemispheres, the psychomotor cortical areas can

stimulate the precentral area responsible for volun-

tarv motor activity. Simultaneously there is a pos-

sibilitv that niger impulses initiated by the activity

of the psychomotor cortical areas may be conveyed

to the peripheral motor system. Indeed, the impulses

destined for the motoneurons and originating in the

cortical regions giving rise to the pyramidal tracts

do not travel via the pyramids alone. As Lloyd (165)

has shown, the impulses traveling in the pyramidal

tract are preceded by impulses conducted by long

reticulospinal and propriospinal fibers. These im-

pulses activate the interneurons and probably also

the motoneurons of the anterior horn. The pyramidal

fibers themselves do not usually connect directly

with the motoneurons but first induce firing of

interneurons which in their turn influence the ex-

citability of the motoneurons or of spinal synapses of

the peripheral mechanisms controlling muscular

tone or length (the external loops of fig. 12).

Some of the impulses from area 47 go via cortico-

pontine or collateral fibers to the oral pontine ganglia

from which they may proceed to the lateral part of

the cerebellar anterior lobe (lobulus quadrangularis

anterior). This structure is responsible for integration

of pyramidal impulses with impulses from the muscle

and tendon receptors and probably also from other

exteroceptive and vestibular sources. The results of

this coordinative activity are communicated to the

nucleus ruber via the nucleus dentatus magnocellu-

laris, according to Hassler (83), and eventually reach

the motor cortex, so completing a feed-back circuit.

In its turn, the nucleus ruber regulates the ex-

citai;)ility of the interneuronal mechanisms of the

anterior horn and of the gamma cells \-ia the rubro-

spinal tract and rubrorcticulospinal fibers, its inte-

grating cerebellofugal impulses with others originating

in the precentral cortex, the pallidum and the systems

regulating statokinetic acti\'ity and locomotion.

Another feed-back system originates in the nucleus

ruber, the central tegmental pathway to the inferior

olives. These structures, in which the feed-back

impulses are coordinated with impulses from the

anterior columns of the spinal cord, project to all

areas of the cerebellar cortex, including to the lobulus

quadrangularis anterior which, as noted above, is

the origin of afferent impulses to the nucleus ruber.

In this way a multineuronal feed-back circuit which

controls the ruber activity in part Ijy means of its

own impulses is closed.

Not only are the cortical and rubral efferent motor

systems provided with such feed-back mechanisms

but so is the striatum itself (the cerebelloemiiolo-

centrostriatal neuronal chain shown in fig. 12). The

intermediate zone of the anterior cerebellar lobe

where the spinocerebellar impulses from the muscle

receptors are coordinated with those from the motoi

cortex is provided with a sort of 'efferent copy' (von

Hoist) through the feed-back systems from area 47
reaching it via the oral pontine ganglia. These

integrated impulses are projected from the inter-

mediate zone of the cerebellar anterior lobe via the

nucleus emijoliformis and the centromedian nucleus

to the putamen and caudate nucleus.

These extrapyramidal centers convey their im-

pulses through the internal and external pallidum

and nucleus ventro-oralis anterior of the thalamus

(\'.o.a.) to area 6aa, area 6a/J and the supplementary

motor area following manifold coordination with

impulses from other structures. These cortical areas

also communicate the pattern of their efferent im-

pulses via the oral pontine ganglia to the lateral zone

of the anterior cerebellar lobe and in part also back

to putamen, caudate nucleus or pallidum (88).

Thus it appears that each efferent motor system is

provided with such a self-regulating feed-iiack

mechanism.

Further, impulses from the intermediate zone of

the anterior cerebellar lobe proceed via the nuclei

globosi to the statokinetic systems of the mesenceph

alon: the nuclei interstitialis, prestitialis and pre-

commissuralis. These mechanisms controlling posture
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and locomotor activity, in addition to their efferent

impulses to the peripheral motor system, give rise to a

feed-back circuit via the medial tegmental tract of

Ogawa to the medial accessory olives and thence

back to the pars intermedia of the anterior cerebellar

lolie and to the vermis anterior. The latter is a col-

lecting area for information which is coordinated

and then conveyed via the nucleus fastigii to the

vestibular nuclei and to the reticular formation. The

vestibular nuclei again are pro\ided with a self-

regulating mechanism over vestibulocereisellar fibers

projecting especially to the \ermis. The mesen-

cephalic reticular formation is moreo\er the common
control organ for horizontal turning movements

to the ipsilateral side and is also a collecting area

for impulses of very heterogeneous origins.

Feedback for regulation of intrinsic activity and

that of other motor systems seeins to be a general

principle of all motor systems. Each .system is capable

of taking into account, for its later activity, modifica-

tions in the peripheral motor situation induced by its

proper influence and also of coordinating these

modifications w'ith information concerning the in-

nervation and resistance in the periphery and with

impulses from other systems.

However, this intrinsic and coordinati\e regulatory

activity within tlic central motor systems does not

seem aljle to cope with all the possible perturbations

of peripheral motor activity. Another coordinative

process occurs at the spinal segmental level. Here

the direct corticospinal or other long fiber systems in

general have no direct connections with the motoneu-

rons. Reticulospinal and propriospinal fibers are

interposed between the extrapyramidal centers and

the anterior horn system, while Lloyd (165) was

able to demonstrate electrophysiologically the lack of

effect of the direct bulbospinal fibers on motor

mechanisms. The large number of afferents ending

on the anterior horn interneurons and the

motoneurons definitely suggests that the question

whether the central impulses can produce their

destined effect within the peripheral motor system at a

certain moment is once more raised and checked in

the anterior horn itself. The interneuronal system

of the anterior horn is also responsilile for the first

control and checking of the afferent impulses from

the muscles which ordinarily tend to elicit motor

impulses. Furthermore, the firing of both the alpha

and gamma motoneurons is constantly controlled

peripherally by the mechanisms regulating muscle

tension and length, in close correlation with pro-

prioceptive and possibly also with other as yet

unknown peripheral control mechanisms.

The various pyramidal and extrapyramidal im-

pulses integrated in the self-regulating circuits

described abo\e are conveyed to the anterior horn

by the following pathways: tractus reticulospinalis

lateralis and ventralis, tractus rubrospinalis, tractus

vestibulospinalis, tractus interstitiospinalis, tractus

prestitiospinalis and descending nigrospinal fibers,

occasionally interrupted in certain areasof the reticular

formation.

PHYSIOLOGICAL CORRELATIONS .AND

FUNCTIONAL SIGNIFICANCE

In the foregoing portion of this chapter the experi-

mental and clinical findings relative to the various

extrapyramidal structures have ijcen reviewed in an

effort to identify specific functions for each nucleus.

However, only in the case of the directional mesodi-

encephalic responses described by Hess in the cat

does the localization of the inorphological substrates

and efferent pathways seem certain enough to pro-

vide a useful model for study of extrapyramidal motor

performances. No other functions can yet be defined

in physiological and morphological terms. It seems

to be certain only that the extrapyramidal motor

system contains many neuronal chains and self-

regulating mechanisms with positive and negative

feedback, and that close coordination with the corti-

cospinal system of the motor cortex and with the

cerebellum is the main condition for normal extra-

pyramidal function, this relation becoming increas-

ingly important in the higher forms, especially in

monkeys and man.

Leaving now an essentially anatomical approach,

we will in the following discuss from a physiological

viewpoint the activities of the extrapyramidal system

in relation to posture and locomotion, spinal reflexes,

the thalamoreticular system, instinctive behavior and

some aspects of the electrical activit\- of the brain.

Rale in Posture and Locomotion

An important function of the extrapyrainidal motor

system is the regulation of posture. The mechanisms

of postural regulation are localized mostly in the

lower brain stem as they involve close coordination

witii the cerebellum and vestibular apparatus.

POSTURAL MECHANISMS AS CONCEIVED BY MAGNUS

school; optovestibular regulation. Magnus' book
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(173) on body posture summarizes the pioneer work

done by himself and his school together with the old

literature. The tonic reflexes of the head and trunk

induced by proprioceptive afferents from the neck

and the otolithic apparatus of the labyrinth were

found to be represented in the rhombencephalon

and upper cervical cord. The righting reflexes {Stell-

rejlexe) were regulated by pontine and mesencephalic

centers. However, Magnus and Rademaker's concep-

tion that normal body posture is the result of an

equilibrium of reflexes is certainly too narrow and its

experimental basis obtained by brain-stem transec-

tions at different levels in rabbits seems insecure. It

must be supplemented by Hess' experiments on

richlungsspt'zifische motor responses after diencephalic

and mesencephalic stimulation in cats, by observa-

tions of behavior of different animal species and by

clinical observations of extrapyramidal motor mech-

anisms in man. Magnus overrates the reflex concep-

tion of peripheral regulation mechanisms from

labyrinthine and muscular receptors and neglects the

spontaneous innate coordinative activity of the cen-

tral nervous system, both of which work together to

assure body posture.

The equilibrium of difTerent 'forces' that assures

normal body posture is not an equilibrium of reflexes

as Magnus conceived it but a central order of co-

ordinated self-regulation of several brain-stem centers

that may be modulated by receptor and reflex

mechanisms with positive and negative feedback.

Magnus arrived at his conclusion mainly from experi-

ments in rabbits, a species in which labyrinthine

afferents are more important for body posture than

in other species. Therefore, Rademaker preferred

dogs for his experiments on cerebellar functions and

Hess used cats for his stimulation experiments. The

extrapyramidal functions of man and of these differ-

ent species cannot be homologized. But in spite of the

marked species difl"erences .some general conclusions

on the regulation of body posture can be drawn.

Although Rademaker's claim that the labyrinthine

and body-righting reflexes were localized in the red

nucleus was not confirmed by the localized rubral

lesions produced by Mussen (198), localization of

these mechanisms above the pontine level is generally

accepted. Several structures in the mesencephalic

tegmentum and tectum and in diencephalic sub-

thalamic nuclei are the main regulators of body

posture. Their identification with certain nuclei and

tracts of the brain stem was made possible by Hess'

studies involving stimulation and coagulation in the

mesodiencephalon (described in the preceding section

on statokinetic structures in the brain stem).

Optovestibular regulations are basic to orientation

in space and arc the essential senscry basis of postural

mechanisms. Among the sense organs concerned, the

eye contains the main exteroceptive and the laby-

rinth the main proprioceptive receptor organs for

brain-stem posture regulations. Special adjustments

of posture are mediated partly at the spinal level by

receptors from muscles, joints and skin. The central

substratum of optovestibular regulations is the lower

part of the extrapyramidal motor system which

coordinates afferent impulses from the eye and the

labyrinth. The main integrating apparatus is the

reticular formation of the pons and mesencephalon

[Lorente de No (166, 167), Jung (134)] and some

mesodiencephalic nuclei [Hess & Weisschedel (112),

Hassler & Hess (91)]. The red nucleus is a specialized

part of this reticular coordinating system differentiated

for receiving cerebellar impulses.

The motor effects of the optovestibular system can

be seen in all striated muscles of the body, but those

on the ocular muscles are the easiest to record and to

measure quantitatively and are also less complicated

by the peripheral regulation of limij posture. The

vestibular apparatus with its three semicircular

canals represents the three planes of space; corre-

spondingly, the eye is moved by three pairs of muscles

in these planes. Between the labyrinthine receptors

and eye muscle effectors a complicated coordinating

apparatus is interposed. This integrating apparatus

of the reticular formation modulates the impulses

from the labyrinth and coordinates them with

messages coming from the retina and other sense

organs. The optovestibular functions resulting in eye

movements and nystagmus have been described more

fully elsewhere [Jung (134)]. Not only the stability

of posture but also the effectiveness of perception

during movements of the eye and the body {Konstanz

der Sehdinge) is the result of fine regulation of the opto-

vestibular svstem. This system uses a servomechanism

coordinating afferent and reafferent messages with

intracentral traces of efferent impulses, as shown by

von Hoist (280). The action of vestibular receptors

on eye muscle innervation was recently summarized

by Szentagothai (251).

HESS' EXPERIMENTS ON ST.'KTOKINETIC REGUL.ATION .\ND

THEIR DYNAMIC INTERPRETATION IN TERMS OF TELEO-

KiNETic AND EREiSMATic MOTILITY. The anatomical

correlates of the brain-stem mechanisms for direction-
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specific movements studied by Hess (100-105) were

described earlier in the section on statokinetic struc-

tures in tiie brain stem. Only their principal features

may be briefly reviewed here. Electric stimulation

with implanted electrodes demonstrated the existence

of a system of motor mechanisms in the mesodien-

cephalic regions of the extrapyramidal system con-

trolling the position of the eyes, the head and the

trunk (figs. 8, 11). Subsequent coagulation produced

a mirror image of the pattern previously produced by

stimulation of the same structures, as shown in

figure 10. These observations indicate that posture is

regulated by constant tonic activity of several

antagonistic mechanisms operating in all three

dimensions. Elimination of one of these mechanisms

uncovers the activity of the antagonistic mechanisin,

normally in balance with it. Thus normal posture is

the result of a dynamic equilibrium of central antag-

onistic forces continuously active in the waking state

and controlled by peripheral afTerents.

Hess has emphasized that intentional movements

of the body are directed toward certain aims {Erfolgs-

bezogen). To reach these aims a characteristic posture

and starting position of the body must necessarily be

assumed.

"In the course of voluntary movements in conse-

quence of muscular action there result certain reac-

tive forces which are compensated, the governing

impulses being supplied mainly by vestibular and pro-

prioceptive mechanisms. These reflex preparations

of start-positions provide what may be called the

'dynamic support' upon which the voluntary aimed

movements are superimposed. In this functional con-

ception no diff'erentiation is made between pyramidal

and extrapyramidal innervation, since these terms

refer to anatomic relations. In order to emphasize the

dynamic situation, the term teleokinetic {lelos = aim)

is used for the voluntary directed phase of the motion

;

and the term ereismatic {ereisma = support) is used

to designate the other phase, which provides the

basic conditions for every accurately aimed motion"

[Hess (107)].

Figure 13 illustrates the action of the teleokinetic

and ereismatic mechanisms in a model experiment in

which three persons represent action and reaction of

a motor performance. The intentional teleokinetic

mechanism is represented by the upper person leaping

to the point marked by the arrow. The supporting

ereismatic mechanisms are represented by the second

person carrying the leaper and providing postural

mechanisms of support in anticipatory readiness for

action, and by the third person supporting the second

to compensate for the rebound. In the left row it is

shown that all goes well for the intended movement

when the ereismatic mechanisms give the right sup-

port and the supporting persons know when the

upper jumps; the leaper reaches exactly the intended

point. The right row shows the same leap made by

the upper person but without proper preparation and

supporting activity b\- the others. In this case the

carrier falls backwards by the recoil of the leap and is

caught only in the last moment by the third. The

leaper jumps too short and falls because appropriate

postural support is lacking and the proprioceptive

reflex regulation of the second person comes too late

to compensate for the recoil.

This model demonstrates some general principles

applicable to ereismatic supporting actions in the

motor system. Because the second and third men must

'feel' the weight and pressure of the first, 'know' the

moment of the leap and continuously 'adapt' to

various alterations of posture, the following three

points are evident: a) proprioceptive reflexes of

muscle and labyrinthine origin may be important

parts of supporting regulation but act too late to

compensate for unforeseen reactions of recoil; b) antici-

patory activation of the proprioceptive control of

supporting action therefore is necessary for effective

motor performances and involves central activation

of proprioceptive reflexes; and c) continuous self-

regulating modification of postural support by higher

central mechanisms compensating each other is

needed for successful integration of voluntary move-

ments. Although the conception of ereismatic innerva-

tion may seem to be purely theoretical, it indicates

the existence of physiological mechanisms not yet

sufficiently investigated. Thus, muscle spindle activity

is regulated at the spinal level by the gamma moto-

neuron system which in turn is regulated by supra-

spinal extrapyramidal structures, including the

reticular formation, the niger and the pallidum.

Continuous integration of peripheral and central

impulses in different structures occurs in this motor

regulating system according to Hess" conceptions of

proprioceptive steering, von Hoist's principles of

Reaferenz (280) and other cybernetic rules. Several

servomechanisms with positixe and negative feedback

are probably active at different levels, cerebral and

spinal. At the lower levels they work according to

von Hoist's reafferent principle, the gamma system

serving as an additional amplifying protective

mechanism. At higher levels the \-estibular regula-
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FIG. 13. Model of telcocinetic

and ereismatic motility. Three

persons represent the actions and

reactions involved in an inten-

tional motor performance. The
'telcocinetic' leaper (/) is sup-

ported by the 'ereismatic' carrier

(,2) and supporter (j). a to c.

The leap succeeds when the

ri^ht support is given and when

the carrier knows the moment at

which / jumps, d to/; The same

leap without supporting activity

fails. The unsupported and un-

prepared carrier falls backward

and is only caught by emergency

action of 5. The leaper jumps too

short and also falls because of

lack of the proper support. (Re-

drawn from an unpublished

motion picture made by Hess in

>943>

tions are recruited when the lower mechanisms be-

come insuiScient and falling is imminent. The precise

mechanisms of these extrapyramidal postural regula-

tions and their relation to teleokinetic motor activity

need more experimental study.

Some essential differences between the head and

eye movements of man and those of quadruped

mammals are important for the understanding of

extrapyramidal direction-specific responses, a) In

man, eye movements are more prominent and used

more frequently than in animals mainly moving the

head. Cat optomotor reactions concern the head more

than the eyes, h) The various planes of inovement and

the spatial relations of the eyes, head and trunk are

different in man and quadrupeds. The upright posi-

tion of man and the position of his head and eyes

relative to his trunk requires a totally different motor

organization. Therefore it is not permissible to

homologize Hess" findings in the cat with the condi-

tions in man [Jung (132)] since the eye mo\'ements of

these two species are similar onlv relative to the head.

In man, a turning mosement in the horizontal plane

is effected bv rotation of the head and eyes relati\'e to

the trunk and would correspond in the cat to a similar

rotatory movement effected in the vertical plane.

Conversely, the turning mosements of cats in the

horizontal plane would correspond to rotatory move-

ments of the head in man. Intentional turning of the

bodv in man shows the succession of eyes, head and

body while passive turning movements produced by

vestibular stimuli have an opposite succession of body,

head and eyes [Gi^ittich (73), Jung (134)]. In active
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movements, which are primarily teleokinetic, the

eyes are leading, sensory anticipation and safeguard-

ing mechanisms being the motor accompaniments

of the shifting attention. By contrast, vestibular cor-

rection movements are mainly ereismatic mechanisms

to maintain normal posture.

What we have called physiological anticipation of

motor action, including its attentional and sensory

component, is probably similar to what Auersperg

(8) called 'prolepsis,' coined for the regulation of eye

movements. It seems evident that these functions of

motor readiness, anticipation of action and attention

should work in close connection with the nonspecific

activation system of the brain stem. However, from

observations of apraxia after cortical lesions in man
showing defects of this anticipatory action it seems

probable that the human cerebral cortex and thala-

mocortical connections play a prominent part in

motor anticipation. The extrapyramidal centers, the

reticular formation and the spinal gamma system

seem to be the effector mechanisms of this function.

posture and the different locomotor activities that

precede it were studied by Schaltenbrand (223) and

Peiper (207). When a human infant begins to raise

the body from the supine position by a characteristic

turning movement, the eyes and the head lead in a

manner similar to the rotatory movements of animals

elicited by mesodiencephalic stimulation. During the

2nd and 3rd year of life these iiody raising coordina-

tions are altered to a rotation of the pelvis and in the

4th and 5th year rotation is replaced by a supporting

action of the arms so that the trunk is brought directly

to a sitting position [Schaltenbrand (223)].

Adversive turning movements of eyes, head and

foretrunk, instinctive orientation movements induced

from various receptors and central regions, are nor-

mally integrated into a versatile motor behavior.

They appear as isolated mechanisms in infants and

may be released after diffuse cerebral lesions. In

patients with senile dementia they may be interpreted

as syndromes of organic regression to infantile

mechanisms.

UPRIGHT POSTURE IN MAN AND ITS ONTOGENETIC

DEVELOPMENT. The upright posture, which is peculiar

to the human species, is intimately related to nearly

all of the characteristic human aspects of motility:

the freedom and specialization of the hands, the

different position of the head, and the prominence of

eye movements [Straus (249)]. It seems logical to

assume that the extrapyramidal motor system in man
must be organized differently from that of other

animals to provide the neural substrate for the up-

right posture and walking. Further, the erect posture

requires a more elaborate regulatory process to

oppose gravity and to protect against falling. These

mechanisms are active only in the waking state and

require continuous support by the thalamoreticular

activating system.

Erect posture and locomotion are acquired by the

infant during the first 2 years of life. Only in the

second half of the first year does sitting and standing

become possible. Locomotion comes later, developing

from crawling to walking around the 12th month.

These functions evidently require the regulating

mechanisms from various proprioceptors and a well

developed e.xtrapyramidal system, coordinated with

cerebellar and pyramidal structures and parth

modified by learning.

A detailed comparison of Magnus', de Kleyn's and

Rademaker's findings in animals with the motor

behavior of normal infants at different ages is given

in Peiper's book (207 j. The development of erect

MOTOR PERFORMANCES OF HUMAN ANENCEPHALI. The

behavior of infants without cerebral cortex and with

various degrees of preservation of the basal ganglia

and brain-stem nuclei is of special interest for extra-

pyramidal functions. It seems safe to conclude that

the motor patterns and instinctive reactions observed

in anencephalic brain-stem creatures are mediated

bv lower brain-stem structures.

In the normal huiTian newborn the cortex, the

striatum and their pathways are nearly unmyelinated,

but the pallidum and the suijthalamic nucleus are

well myelinated and probably can function normally

except for their connections with the cortex. The
pallidum is the highest motor center in newborn

human infants during the first weeks of life. Therefore,

they have been called Pallidiimivesen or Thalamuspalli-

dumwesen by Foerster (57) and have been compared

with pallidothalamic animals by some authors. Their

motor and instinctive reactions are probably coordi-

nated mainly by subcortical mechanisms.

The most extensively studied human anencephalus

living some months without cortex and upper basal

ganglia and examined anatomically later in detail

is Camper's Mittelhirnwesen (66, 67). The brain of

this creature contained an intact mesencephalon,

pons, oblongata and cerebellum, but no cortex,

striatum or pallidum; only a few traces of the dien-

cephalon were present. Some of its instincti\e actions

are described in the subsequent section on attention

patterns. Although it showed tonic neck and labyrin-
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FIG. 14. Reflex sitting up in mesencephalic child. After pres-

sure on the legs, the anencephalus without cortex and basal

ganglia rises to a sitting position. Only the extrapyramidal

structures below the diencephalon were preserved; the red

nucleus, cerebellum and central tegmental tract were intact.

[From Gamper (66).]

far better off in motor performance than otiier anen-

cephalic children ha\ing more of the basal ganglia

preserved and reaching a greater age. This contrast

arises because the pallidum is the main structure for

inducing rigidity in Parkinsonism. In all these

anencephalics there was atrophy of the substantia

nigra. Those with the pallidum intact showed rigidity

preventing normal postural reactions, but Camper's
child had no pallidum and therefore less rigidity.

Another 'mesorhombencephalospinar anenceph-

alus having neither basal ganglia nor cerebellum was

studied by Monnier & Willi (194, 195) to the age

of 2 months and was compared with a rhomben-

cephalic bulbospinal anencephalus. As one might

expect from the lack of cerebellum and red nucleus,

it showed less motor ability than Camper's case but

more than the rhombencephalic one. Some mimic

expressions of aversion after pain and well-being

after satiation and warmth were preserved in the

mesencephalic case. This creature generally assumed

a sleeping attitude without spontaneous alteration of

sleep and wakefulness, but showed arousal after

sensory stimulation. Four pontobulbar anencephali

("rhombencephalic beings') observed by Monnier &
Willi (193-195) lived onI\- i to 3 dass. All had dis-

turbances of respiration which was irregular, snapping

or periodic. Spontaneous motility was absent but

reflex movements could be elicited : spinal reflexes,

Moro's reflex and grasping refle.xes were present.

Oral feeding activity could be evoked by tactile

stimulation of the mouth and cheeks. The sucking

reflex was well developed in only one of these cases.

Tonic neck reflexes were absent, the righting refle.xes

doubtful. There was no decerebrate extensor rigidity

but increased flexor tone of the limbs appeared in all

four cases. Histological studies of the brain showed

the pontine structures partly developed in one, but

onlv bulbar structures in the other three cases.

thine reflexes, the righting reflexes were also preserved

and Moro's reflex was intact. This creature resembled

mesencephalic animals according to Magnus' own
opinion.

Camper's child had no decerebrate rigidity in con-

trast to t'he children without cortex described by

Edinger & Fischer (53) and by Jakob (129) in whom
the pallidum remained intact and who showed a

marked rigidity and akinesis resembling decerebrate

animals. Camper's child had reduced motor per-

formance but would assume a sitting position when

both lower legs were pressed (fig. 14). This child,

using only his midbrain, pons and cerebellum, was

DECEREBR.ATioN PHENOMENA. The mcchanism of

decerebrate rigidity primarily involves the lower

brain-stem centers and therefore does not concern us

here. But it is to be rernembered that the main condi-

tion for exhibition of decerebration phenomena is an

elimination of the higher regulation of posture by

diencephalic and midbrain structures (including the

Slellreflexe of Magnus, Rademaker and co-workers,

and the Richtungsbeslimmte Bewegungsejfekle of Hess).

Rademaker's claim of a prominent role of the red

nucleus for Stellrejlexe and the appearance of decere-

iirate rigidity after red nucleus destruction was not

confirmed bv Mussen and others, using more selec-
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tive lesions. However, tegmental mesencephalic

lesions are still among the main condition for decere-

bration. The motor functions of the midbrain struc-

tures have appeared in a new light since recent

studies of the supraspinal control of the gamma moto-

neuron system. We must distinguish between two

types of decerebrate rigidity reacting differently to

posterior root section and to chlorpromazine. a) The

classical Sherrington decerebration following inter-

collicular transection shows a very marked hyper-

activity of gamma efferents which can be diminished

by chlorpromazine [Henatsch & Ingvar (95)]. b) The

decerebration rigidity following lesions of the anterior

cerebellum or produced by the anemic method of

Pollock and Davis shows no hyperactivity of the

gamma system but rather direct activation of the

alpha motoneurons [Granit (69)] and is less sensitive

to dorsal root section and chlorpromazine. An
anatomical correlation of these two types with differ-

ent brain-stem structures and their functions cannot

yet be made. Granit & Holmgren (70) have postu-

lated two different pathways for activating gamma
neurons, one a slow and polysynaptic mechanism

through several spinal segments, the other a fast

mechanism mediated through the lateral columns

probably by reticulospinal fibers.

Slaiilf Rcac/ioii

The startle reaction after unexpected sensory

stimuli (usually acoustic) seems to be mainly an

extrapyramidal motor response. It has been studied

extensively by Strauss (250) who distinguished be-

tween primary and secondary startle reactions by

kinematographic analysis of the phenomena {^usam-

menschrecken) following a pistol shot. Strauss believes

the primary reaction to be an acousticomotor reflex

in the lower brain stem, involving the red nucleus.

The secondary reactions are partly emotional or

voluntary movements and may involve the cerebral

cortex and are less constant. Increase in the primary

reaction was found in spastic limijs and in some aki-

netic patients without rigidity. Diminished primary

reactions were found in parkinsonian syndromes

showing rigidity and tremor and in chorea and

athetosis. Startle reactions may be absent during

sleep. As startle reactions and Moro's reflex are also

obser\ed in human anencephali, it seems highly

probable that they are mediated by the lower extra-

pyramidal centers with the reticular formation.

Electromyographic studies of the startle reactions

by Duensing (46) distinguished a short latency startle

(Schreckreflex) and a long latency startle {Schreckreak-

lion), involving differejit muscles. Duensing believed

that both startle reactions use the same efferent bulbo-

mesencephalic and spinal pathways, but that the

long latency reactions also involve the thalamus or

the striatum.

Tremor

Phylogenetic parallels between extrapyramidal

movements and motor performances of animals have

been discussed since Foerster (57) compared athetosis

with the climbing movements of monkeys. The simi-

larities of tremor with the fin movements of some fishes

(fig. 15) were believed by Jung (130) to indicate the

existence of coordinating mechanisms in the spinal

cord similar to those described in spinal fishes by von

Hoist (278). Therefore, tremor was interpreted as an

archaic simple form of rhythmic antagonistic move-

ments, released by disturbances of higher mech-

anisms. The physiological tremor of shivering investi-

gated electromyographically was found similar in

man [Denny-Brown d al. (43)] and animals [Burton

& Bronk (28)]. The latter found, as did Jung (130),

that most motor units discharge only once in one

tremor beat.

Parkinsonian tremor, the rhythm of which may be

different in different limbs, shows little dependence

upon afferent control and seems to be mainly an

autogenous rhythm arising in the interneuronal sys-

tem of the central nervous system [Jung (130)].

Central tremor rhythms independent of reflex control

were first postulated by Wachholder & Altenburger

(282). Altenburger (6) showed that tremor persisted

in deafferented limbs after posterior root section,

although Strughold (250a) and Hoff'mann (119)

had found some slowing of clonus rhythms after

loading the muscles and therefore considered propri-

oceptive modification possiijle. This was recently con-

firmed in tremor by Halliday & Redfearn (76). These

observations, however, seem not to be conclusive for

the 'servoloop' theory of tremor [Halliday & Red-

fearn (75)] and do not prove their contention that

integritv of the reflex arc is essential for tremor

rhythms. Proprioceptive tendon reflexes elicited

during parkinsonian tremor show a rhythmic facilita-

tion or inhibition depending upon the alternating

reciprocal innervation of the reflexly excited muscles

[Jung (130)]. In contrast to many older theories

considering cortical and subcortical mechanisms to

ije the source of tremor rhythms, Jung (130) localized

the central substrate of tremor in the interneuronal



9o8 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

' J J J J\,J^L Foot \AA/^AA^V\A''u'^A>VwV\A/'u'^AA/\/\A/A^"\yv-^/' SJj'j\/\j^J'''J\i\r'^

H Foot vg^AAAAA/v^A^^^/v^'Vy^-A/V'^^'^/^^A/y^^^^^^^''^ -"^

L Foot J\J\j\JJ\J\j'^''~^-^-J\_j-^j\J\J\J\AJ\J"d\J^J'^^^y^J^^

" Foot v^aaaAaT^aAAAAAAaAAaAAAAAAAAAAM/
L Foot vVv./wv^/^.Ay^-^-/^Aw\/wAA^A!^yy\AA5^^

-00. /VvA/\/AAA/vyW\AAAyw^

HG. 15. Bilateral parkinsonian

tremor in man (a to d) and fin

movements of fishes (e and /)
illustrating the 'relative ro-

ordination' of von Hoist. The
rhythmic movements of the two

sides are independent at the

start of each record and later

show different coordination phe-

L Foot

Focus (leading rhythm) left

Dependent rhythm right

Dependent rhythm left

Focus right

1|

jndent rhythm ngnt . v-^^.^
. .y. .

thor fin

thoroc fin
J*

nomena varying in short time

intervals, a: Phase coordination

(von Hoist's 'magnet effect')

with a tendency to phase reversal

and alternating movements of the

two sides. ^, an intermediate beat

(^wische>t\chlag) with double

peak, +, beats with larger amplitude and phase

reversal; 0, absolute phase coordination with

slight slowing of right foot, i: Independent ac-

tion of both rhythms, c: Central superposition.

Diminished amplitude of left foot (~) when both

rhythms show phase re%'ersal, and larger ampli-

tude (+ ) when they are beating in phase, d:

Variation of dominant focus. The dominant

rhythm in the region of the focus is more regular

and of larger amplitude. The other (dependent)

rhythm shows irregularities and lower ampli-

tudes. B, short blocking of rhythm, f: Periodicity

of phase coordination in fin movement. ^, inter-

mediate beat and its development from the original rhythm ( ) by attraction of reversed

phases
( I

); 0, absolute phase coordination similar to human tremor in a. /: Amplitude varia-

tions of dorsal fin movements similar to human tremor in c. [From Jung (130, 133)-]

bulbospinal .system. As all bulbospinal intcrneuronal

systems receive propriocepti\e input, it did not seem

surprising that some reflex mechanisms would also

interfere with tremor. But, as VValshe (289) had shown

in 1924, tremor rhythms are usually independent of

reflex mechanisms and proprioceptive influx, whereas

rigidity disappears after novocainization of muscles.

The mechanism of this procaine effect, however,

cannot be a pure blocking of proprioceptive influx

as Liljestrand & Magnus (162) assumed since cocain-

ization inactivates efferent gamma fibers before the

large fibers of proprioceptive afferents are affected

[Leksell (158), Matthews & Rushworth (17B)]. The
effects of stereotaxic operations in man show a diminu-

tion of tremor following thalamic and pallidal lesions.

Therefore, a facilitative influence of these cerebral

structures upon the lower mechanisms of tremor

movements has to be assumed (see also p. 885).

Hyperki in General

A general explanation of extrapyramidal hyper-

kineses can be drawn from Hess' conceptions (106-

108) of a physiological balance of several direction-

specific "forces" in motor and postural regulation: if

the regulation of movements results from a delicate

balance of several forces, oriented in the three dimen-

sions of space, a lesion in one of these regulation

centers should induce oppositelv directed mo\ements.

The muscular contractions in these movements may
be either tonic as in torsion dystonia, torticollis and

partly in athetosis, or intermittent as in chorea and

hemiballism. There is a remarkalile parallel between

the tonic dexiations of Hess' cats and certain extra-

pyramidal svndromes in man in that both are appar-

ent only in the waking state with acti\e postural back-

ground innervation and that they are induced or

increased by active movements and emotional ten-

sion. Generallv the movements should be the mirror

irnage or opposite of the stimulation effects caused by

a release of the forces of inner\ation normally bal-

anced by the damaged center. This is indeed the case

in midbrain lesions as shown in figure 10. Such an

explanation was first used b\ Monnier {192) for

torticollis as a result of Hess' findings. It is in agree-

ment with Jackson's classical explanation of positive
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neurological symptoms as a release of mechanisms

from the inhibitory action of higher centers. This

principle of release also can be used for disturbances

of coordination at one level or e\'en within one struc-

ture. Denny-Brown (40) has used it to explain invol-

untary movements caused by disorders of integration

between the rolandic and extrarolandic cortical areas.

Independently of Hess' concepts, Denny-Brown has

extended this principle to lower levels. He considers

athetosis and dystonia as "conflicting extremes in

the pattern of control of the basic organization of the

tegmental mechanisms by rolandic and extrarolandic

cortex," a "disequilibrium due to loss of one mem-
ber of a balanced pair rather than as a release of a

function by loss of an inhibitory suppression of this

function." Such a disturbance may provide an ex-

planation of many of the strange symptoms of extra-

pyramidal di.seases.

Parkinsonism provides a good example of the

fallacies arising from attempts to explain signs exclu-

sively in terms of the Jacksonian distinction between

positive signs, arising by release of inhibition, and

negative signs caused by loss of function of the affected

region. In parkinsonism the loss of associated move-

ments in walking attributed to destruction of the

substantia nigra is certainly a negative sign. However,

these movements return if the pallidum is also

destroyed. Thus these movements cannot be inter-

preted as being mediated solely i)y the substantia

nigra.

It is not yet clear whether in epilepsie giratoire some

of the rotatory movements and adversive convulsions

are mediated by the mechanisms of the brain stem

and whether they are elicited b)- subcortical release

or by active stimulation from a cortical epileptic focus,

such as the frontal or occipital areas for head and eye

deviation.

Extraji\ramidal System and Spinal Reflex Activity.

As clinical observations had shown that extra-

pyramidal diseases of the basal ganglia have less

influence on reflex activity than do pyramidal lesions,

one might not expect much information from animal

experiments in this field. Therefore, only a very few-

such inxestigations have been made.

Lloyd's (165) studies on reticulospinal pathways

included an important electrophysiological analysis

demonstrating the connection of the bulbar extra-

pyramidal structures with the motoneurons and

interneurons of the spinal cord, resulting in synchro-

nization of internuncial activitv. Tiie functional

organization of this system is such that secondarv

vestibular fibers through the dorsal longitudinal

bundle and vestibulospinal tract, together with

reticulospinal fibers, constitute the main extrapvra-

midal input which is correlated with corticospinal

impulses at all levels. This system contains not only

short fiber relays but also long fiber connections of

the reticulospinal and propriospinal tracts with

rapid conduction rates. Facilitation of two-neuron

reflexes after electrical stimulation of the descending

bulbospinal tracts was described.

Peacock & Hodes' (206) experiments on the modi-

fication of the cortical stimulation effects by stimula-

tion of the basal ganglia, described in the section on

the striatum, included the finding that monosynaptic

spinal reflexes were inhibited by caudate stimulation.

In contrast, unpublished experiments of Segundo

and co-workers on cats have shown that ventral root

discharges in the L7 segment evoked by dorsal root

stimulation are usually augmented but occasionally

reduced by repetitive stimulation of higher extra-

pyramidal centers (the caudatum and putamen as

well as the pallidum and claustrum). Diminution of

reflex response was obtained only from the striatum

(caudatum and putamen). Since dorsal root stimula-

tion elicits many reflex mechanisms synchronously

which are never acti\ated at the same time under

physiological conditions, such studies do not allow

differentiation of reflex activity except as to mono-

synaptic and polysynaptic reflexes. Therefore, the

functional interpretation of their results is very

limited. It may be concluded, however, that the

striatum appears to exert a regulatory effect on motor

reflex mechanisms which includes both excitatory and

inhibitory components.

The recent discovery of the spinal gamma fiber

system for regulation of muscle spindle activity and

its dependence on a brain-stem mechanism has

aroused much interest since this systein now appears

to be involved in production of certain extrapyramidal

motor disorders.

The basic physiological findings concerning this

system are described in Chapter XLI in this Handbook

by Eldred on posture and locomotion. Much of the

evidence that the activity of this system is altered in

extrapyramidal diseases has already been presented in

this chapter and need only be summarized here.

First, the rigidity of parkinsonism depends in con-

siderable degree on abnormal gamma system par-

ticipation in reflex control of inuscle length and

tension. Second, in observations on reflex reinforce-

ment in man, Hassler (88) and others showed that
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FIG. 1 6. Deficiency of reflex facilitation by gamma activation in an unilateral parkinsonian syn-

drome. Electromyograms of right (re) and left {li) biceps brachii in a patient with right-sided parkin-

sonism. Upper records show monosynaptic tendon reflexes elicited by striking the forearm. Lower

records show the same responses after clenching the contralateral fist, a procedure which produces

reflex facilitation of muscle spindles in man (i i8, 236). Marked potentiation of reflex appears on the

normal left side, but no potentiation on the affected right side. Some rhythmic tremor potentials

appear in the background of the right biceps EMG. [From Hassler (88).]

the Jendrassik procedure for facilitating tendon

reflexes is less effective in Parkinson's disease (fig. 16).

It has been known since Sommer's (236) experiments

that this procedure works by facilitation of muscle

spindle activity. Since Leksell (159), Granit and co-

workers (71) and Hunt & Kuiffer (120, 121) have

shown that muscle spindle activity and reflex rein-

forcement are regulated by the gamma motoneurons,

one may conclude that activation of this system is

defective in parkinsonian patients having lesions in

the substantia nigra.

Apparently two different reflex control mechanisms,

postulated by von Hoist (280) in his principle of

Reqfferenz, regulate muscle length and muscle tension

by negative feedback: a) for muscle length, involving

the annulospiral endings, modified by gamma in-

nervation and eliciting monosynaptic reflexes, and b)

for muscle tension, with the flower-spray endings ac-

tivating interneurons. Inhibiting impulses relaxing

muscle tension originate in the tendon organs. Two
kinds of alpha motoneurons exist with predominantly

either phasic or tonic function. The tonic neurons

show a more prolonged after-hyperpolarization, and

lower conduction velocities and discharge frequencies

than do the phasic neurons [Eccles (50, 51)]. In

parkinsonian rigidity the quick adaptation mecha-

nism of the gamma system is defective and the tonic

alpha system is overactive although the reflex mecha-

nisms of the phasic alpha system (the monosynaptic

reflexes) seem to be normal.

A special kind of pathological exteroceptive inter-

segmental reflexes was described by Duensing &
Schneider (49) in human athetosis and further

studied by Duensing (44, 45) as pathologische Fremdre-

flexe. These reflexes were not observed in other extra-

pyramidal syndromes except in some cases of myo-

clonus, hemiballism and acute encephalitis. In the

electromyogram Duensing's reflexes show a biphasic

form of synchronous motoneuron discharge similar to

that of the monosynaptic reflexes, but their latency is

two to three times longer than that of corresponding

proprioceptive reflexes. The response in these reflexes

consists of single muscle twitches which are evoked

by striking, scratching or tapping wide and often

distant cutaneous areas. Duensing (45) believes that

these reflexes are release phenomena resulting from

facilitation in spinal interneurons controlled by brain-

stem structures, probably the reticular formation.

Relation of Extrapyramidal Mechanisms to Thalamoreticular

System : Sleep and Arousal, Motor Patterns of Attention

Clinical observations on extrapyramidal disorders

in man have long shown their dependence upon the

waking state. Every type of extrapyramidal hyper-

kinesis (tremor, chorea, athetosis and ballism) dis-

appears during sleep and reappears with arousal. Al-

though the profound muscular atonia of sleep influ-

ences all motor mechanisms including even spinal

reflexes, the relation of extrapyramidal mechanisms to



THE EXTRAPYRAMIDAL MOTOR SYSTEM 9"

arousal and sleep seems to be particularly evident.

However, similar evidence in animals came rather

late. Anatomical connections of the extrapyramidal

nuclei with the medial thalamus and the reticular

formation were known long ago, but their functional

significance became evident only when the general

importance of the nonspecific thalamoreticular system

was recognized after the pioneer work of Hess, of

Morison & Dempsey and of Magoun & Moruzzi

A sleeplike syndrome can be induced by caudate

stimulation and pallidal destruction. Early experi-

ments of Hess had shown that stimulation not only

of the medial thalamus but also of the caudate caused

sleep or sleeplike behavior in cats. Later observations

of Akert and co-workers (3, 4, 5) in Hess' laboratory

have shown that weak repeated stimulation of the

caudate by low frequencies causes diminution of

motor readiness in cats that can be distinguished from

sleep {stridres Inaktivierungssyndrom) (fig. 5, right side).

Heath & Hodes (94) have induced sleep by caudate

stimulation in monkeys and man.

Hess has interpreted his and .Akert's stimulation

experiments on the caudate as an inhibition of motor

mechanisms irradiating to the whole sensorimotor

system because proprioceptive correction of posture

is also affected, mainly on the contralateral limbs.

Hess (107) believes that the caudate nucleus plays a

part in the regulation of somatomotor readiness. In

contrast to the general diminution of activity and of

readiness caused by stimulation of the hypnogenic

zone in the medial thalamus, exteroceptive and

vegetative mechanisms seem to be less affected by

caudate stimulation. In Hess' opinion stimulation of

the caudate elicits only a part of the integrated mecha-

nism for sleep causing a state similar to the Partial-

schlaf observed in man, particularly in some neu-

rological disturbances of sleep and muscular tone

(narcolepsy and cataplexy).

Electrophysiological observations of brain poten-

tials with implanted electrodes corroborate these

findings. Subcortical leads in patients [Knott et al.

(151), Meyers et al. (189)] and in monkeys [Hodes et

al. (116)] have demonstrated that the earliest elec-

trical changes in drowsiness appear in the caudate

nucleus. This was true for both natural and bar-

biturate-induced sleep. Electrical activity character-

istic of sleep (bursts of i to 3 per sec. high voltage

waves with occasional 8 to 10 per sec. waves and

later 15 to 20 per sec. spindles) occurred earlier in the

subcortical structures than in the cortex. Hodes and

co-workers discuss the possibility of subcortical driving

of the cortex, but they are cautious enough not to

locate the primary action in any particular nucleus.

However, the induction of sleep by stimulation of the

caudate by Heath & Hodes and sleeplike behavior by

Hess, Akert and co-workers seem to indicate that the

caudate is an important center for inactivation of the

cortex. The results of electrical stimulation of the

caudate in cats, monkeys and men and their bio-

electrical effects have been discussed previously in

the section on the striatum.

The effects of pallidotomy in human extrapyram-

idal hyperkinesis also indicate a role for the pallidum

in sleep regulation, since a constant result following

immediately after its extensive destruction is drowsi-

ness often progressing to real sleep. (See also the

earlier section in this chapter on the pallidum.)

Further indications of the close coordination be-

tween extrapyramidal motor functions and the non-

specific reticular system may be seen in the inhibition

of vestibular nystagmus during sleep noted by Keser

(148) and Jung (134), and the parallel between the

Fio. 17. .Adynamia after a large coagulation lesion of the

posterior hypothalamus. Upper left: Electrical stimulation

before coagulation causes raising of head and pupil dilatation.

Upper right: After coagulation head and foretrunk are lowered,

and muscle tone weakened in the legs. Lower: Coagulation

destroys the dynamogenic zone of posterior hypothalamus and

the praestitial nucleus. (From Hassler, in Hess" unpublished

collection.)
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FIG. 1 8. Nonspecific effects of pallidum stimulation on the human EEC. Recruiting potentials

at 8 per sec. and desynchronization with arousal at 50 per sec. stimuli. During stereotaxic operation

on a parkinsonian patient the right internal posterior pallidum was stimulated by thyratron im-

pulses preceding coagulation. Upper record; 8 per sec. stimulation (12 v. peak strength) elicits re-

cruiting waves mainly in the homolateral right ire) frontoprecential region with increasing ampli-

tude and some waxing and waning, less effect in the contralateral (/;) region. Lower record; 50 per

sec. stimulation (4 v.) through the same leads causes acceleration of rhythms and some flattening

following the stimulus series. Some alpha waves continue in the first 300 msec, of stimulation.

Arousal with opening of the eyes appeared during stimulation. [From Umbach, unpublished obser-

vations.]

arousal type of EEG and gamma activity causing

muscle spindle discharge found by von Euler &

Soderberg (276).

At higher diencephalic levels of the thalamo-

reticular system coordination with extrapyramidal

structures becomes very close. Hess described as

Adynamic a syndrome showing loss of muscle tone and

spontaneous activity occurring after coagulation ot

the posterior hypothalamus (see fig. 17). He called

this region bordering the oral part of the mesence-

phalic reticular formation the 'dynamogenic' zone.

Adynamie seems to be a milder variant of the syndrome

that Magoun and his school found after coagulation

of the anterior mesencephalic mid-line region in cats

and monkeys which resulted in a coma simulating

sleep with marked slowing of EEG rhythms [Lindsley

& co-workers (163, 164)].

Among the direction-specific eflfects of mesodio-

encephalic stimulation described by Hess, the body

raising responses evoked from the lower mesodience-

phalic structures, the prestitial and red nuclei (figs.

8, I 7) have special importance for the waking attitude

and the posture of attention.

The motor patterns of attention are regulated by

the extrapyramidal mechanisms in close association

with the tegmental motor system. This system, the

nucleus motorius tegmenti {motorischer Hanbenkern) of

Edinger (52), includes, besides the eflferent motor

nuclei of HI, IV, V, VI, VII, and IX to XII cranial

nerves, tiie red nucleus and the nucleus vestibularis

of Deiters, and also the reticular formation. A number

of rhythmic motor phenomena, such as nystagmus

and respiration, are regulated by this system. Among

these are the opening of the eyes or adversive move-



THE EXTRAPYRAMIDAL MOTOR SYSTEM 913

ments of the eyes and head, together with alterations

of muscle tone and of mimetic innervation related to

attentive arousal. These nonspecific effects are ob-

served after stimulation of many structures from the

cortex and basal ganglia to the brain-stem reticular

formation. The many structures involved in the ipsi-

and contraversive turning effects are summarized in

figure 1 1 . Apart from the above mentioned body-

raising lesponses, we cannot assign special components

of these motor patterns of attention to special nuclei

of the extrapyramidal system. However, one of the

more important reticular functions is the regulation

of eye movements and nystagmus which are among
the motor correlates of attentive behavior. Vestibular

as well as optokinetic nystagmus is coordinated in the

pontine and mesencephalic reticular formation. Re-

cent unit analysis in the medial lower reticular forma-

tion by Duensing & Schafer (47, 48) has disclosed

two groups of neurons, the first having fixed relations

to certain phases of nystagmus and showing recipro-

cal action in the slow and rapid phases of nystagmus,

the second being loosely coupled with nystagmus and

primarily activated by general arousal.

Stimulation experiments during stereotaxic opera-

tions have shown that the motor accompaniments of

general arousal can also he obtained from various

structures in man. They have been observed after

stimulation of the centromedian thalamus (fig. 7)

and other intralaminar nuclei [Hassler (85, 86),

Jung {135)], as well as from the pallidum, accom-

panied in the latter ca.se by an arousal type of EEG
as shown in figure 18. Although weak low-frequency

caudate stimulation may cause inacti\ation, stronger

stimuli or higher frequencies elicit unilaterally

directed attention to the contralateral side as a part

of motor readiness. Lower brain-stem structures have

not yet been investigated in man.

Arousal, however, can be ob.served after stimulation

of various structures outside the nonspecific activa-

tion system, especialK when tetanic stimuli at high

frequency are used, for example that reported by

Buchwald & Er\in (19) after such stimulation of the

caudate and pallidum and of the amygdala and other

rhinencephalic structures, as well as that obtained by

French et al. (62 ) froin several regions of the cerebral

cortex.

Periodic alternation of sleep and wakefulness was

present in Camper's mesencephalic anencephalus

although no cerebral cortex and practically no dien-

cephalic structures were preserved. Thus, e\en in man
the mesencephalic and pontine parts of the non-

specific activation system alone may be able to induce

changes similar to sleep and wakefulness behavior in

the intact organism.

Finally, a few general remarks on the reticular

formation should be made. This structure seems to be

the main lower center for extrapyramidal motor func-

tions, and especially for bilateral coordination. Bi-

lateral functions are insufficiently brought together in

the higher diencephalic and telencephalic centers,

there being no commissures and only a few fibers

connecting the symmetrical nuclei. In contrast to this

the mesencephalic and rhombencephalic reticular

nuclei have an abundance of crossing fibers. The
neurons of the reticular formation seem also to be

specifically suited for longitudinal coordination be-

tween caudal and oral centers because their large

axons have very many collaterals; one reticular cell

may have a ramifying axon reaching from the upper

cervical cord caudally to the nonspecific thalamic

nuclei cranially, as the Scheibels (225) have shown.

Caudate and pallidum stimulation produces wide-

spread bilateral evoked potentials in the cerebral

cortex similar to the recruiting waves obtained from

the nonspecific thalamic nuclei and reticular forma-

tion [Ajmone-Marsan & Dilworth (2), Shimamoto &
\'erzeano (233), Umbach (260), and Hassler (85)].

This is a further argument for the close relation of the

higher extrapyramidal centers to the nonspecific ac-

tivation system of the brain. Similarly, previous condi-

tioning stimulation of the mesencephalic reticular

formation facilitated and amplified the eff"ects on the

cerebral cortex and other telencephalic structures of

test stimuli applied to the caudate [Umbach (262)].

One sometimes tends to forget, during the present

vogue of brain mythology about consciousness and at-

tention, that the reticular formation is mainlv a motor

coordinating center, the lower part for respiration, the

higher parts for eye movements and body posture.

The psychological effects of attention and conscious

acts are only secondary specializations, derived from

basic reticular functions controlling motor behavior,

and preponderant solely from an introspective and

anthropocentric viewpoint.

Relation of Extrapyramidal Functions

to Instinctive Be/iar'ior

As mentioned above, all motor mechanisms of the

lower mammals and other vertebrates are "extra-

pyramidal' by definition because these animals ha\'e

no pyramidal tract. .A full treatment of the results of

behavioral research on animals cannot be given here,

but certain general trends should be mentioned
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which have yielded some clues for the understanding

of the extrapyramidal system. It is certainly no acci-

dent that the favorite animals for behavior studies are

birds which have a highly developed striatum but a

negligible cortex. Not only the original observations

on instincts by Whitman, Craig and Heinroth but

also all important discoveries made recently in this

field, such as motivation activities and innate releas-

ing mechanisms or angeborenes Schema of Lorenz, im-

printing or Prdgung of Lorenz (168-170), and the dis-

placement activity or Uhersprung of Kordandt (153)

and Tinbergen (253), were first described in birds in

which the striatum is the main forebrain structure.

The study of innate Ijehavior now called 'ethology'

is best descriijcd in Tinbergen's book (253). Some

correlations with neurophysiological findings have

been proposed by Prechd (212, 213). However, the

coordination between ethology and neurophysiology

is still in its earliest stages.

EXPERIMENTS ON B.-^S.^L G.^NGLIA OF BIRDS. The first

worker to take advantage of the unique opportunities

for study of basal ganglia function aflforded by birds

was Kalischer (140, 141). Using parrots because of

their complex foot movements and capacity for

speech, he carried out stimulation and extirpation

experiments on the relation of the cortex and striatum

to instinctive behavior. He found that in these birds

the mesostriatum is the main sensorimotor coordina-

tion center, especially for feeding mechanisms. Bi-

lateral incomplete lesions of the mesostriatum caused

severe disturbances of speech and feeding mechanisms

whereas unilateral lesions resulted in slight disturb-

ances. Lesions of the hyperstriatum (which in his

opinion is equivalent to the caudate nucleus in mam-

mals) resulted in defects of contralateral turning

movements. The motor coordination of these move-

ments was laelieved to be dependent on the meso-

striatum. Kalischer believed the hyperstriatum to be

a higher center of sensorimotor functions for 'orienta-

tion,' the sensory influences coming mainly from the

mesostriatum and epistriatum. Lesions in the ecto-

striatum may cause disorders similar to those in the

hyperstriatum. The epistriatum has relations to visual

functions since it is the highest optic center superim-

posed on the mesencephalic (tectal) visual structures.

The higher coordination of vision, especially of foveal

function in birds, is not a function of the cortex but

of the striatum. The negligible parts of cerebral cor-

tex present in parrots do not have much importance

for motility and speech and' can be extirpated without

serious impairment of these functions. The birds'

forebrain mechanisms are mainly coordinated by the

striatum, with the exception of the rhinencephalic

functions.

In Roger's (219) important early brain-stem studies

in pigeons, the effects of ablation of cortex and

striatum on instinctive behavior were observed. He

concluded that the ectostriatum and mesostriatum

were essential to the behavior of feeding, drinking,

fighting and courting and that more complex in-

stinctive actions as mating, nesting, incubation and

rearing the young require the hyperstriatum. Loss of

the cerebral cortex with the hyperstriatum intact was

followed by no characteristic behavior deficiencies.

These decorticated birds fed and protected themselves

normally. When cortex and hyperstriatum were elim-

inated the birds, after a period of helplessness, again

became able to feed themselves but never regained

mating and nesting behavior. Rogers concluded that

simple association or learning processes in correlation

with behavior cycles can be carried out without cortex

by lower brain structures, including the hyperstriatum

and possibly also the hypopallial area. Rogers be-

lieved that the epistriatum is a visual coordinating

center and the ecto- and mesostriatum are primary

centers for spontaneous feeding, confirming Edinger's

view that the basal parts of the corpus striatum are

essential for feeding reflexes.

In recent experiments on the chicken brain, von

Hoist (unpublished observations) studied the eflfects

of simultaneous stimulation with implanted electrodes

at two separate points in the brain stem which ac-

tivate difTerent types of instinctive i^ehavior. He found

that some of these overlap and occur simultaneously

whereas others were mutually exclusive (for example,

feeding and nesting behavior), in that when stimula-

tion evoked one drive, the other was suppressed. When

two loci in the brain producing exclusive drives were

simultaneously stimulated, the suppressed behavior

reappeared explosively as a rebound after stimulation

was stopped.

INSTINCTIVE BEHAVIOR AND BASAL GANGLIA IN FISHES.

In fishes (sticklebacks), all special instinctive actions

are preserved after extirpation of the forebrain in-

cluding the basal ganglia, but coordination of in-

stinctive acts is disturbed. Male fishes without fore-

brain carry out all instinctive acts of reproduction

including nest iiuilding movements but do not com-

plete the nesting actions at the same place, so that

no nest is built [Schonherr (228)]. Olfactory lesions

alone do not interfere with nesting behavior. Male

sticklebacks without forebrain are less inclined toward
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fighting although the fighting movements are undis-

turbed. Hypothalamic lesions produce more serious

interference with reproductive instinctive behavior.

We may conclude from Schonherr's experiments that

in fishes lower brain-stem centers are able to mediate

the elements of instinctive actions, but that coordina-

tion and integration of these instinctive acts depends

upon the forebrain basal ganglia.

von Hoist's (279) studies of optovestibular coordina-

tion in fishes have shown that a readiness for specific

action (called 'motivation' or Stimmung by ethologists),

caused by instinctive drives and appetites, may alter

the central balance between optic and vestibular

afferents. In male sticklebacks vestibular disturbances,

compensated after unilateral utricular lesions, may
reappear and result in rotation movements when a

fighting situation is provoked by another male or

when the fish hunts a prey. This coordination of in-

stinctive drives and motor behavior apparently takes

place in optovestibular centers of the lower brain

stem, von Hoist believes that fighting, hunger and

other drives evoke an emotional readiness for action

by facilitating vestibular impulses.

If we enlarge this hypothesis of emotional anticipa-

tion and readiness to include a facilitation of other

extrapyramidal mechanisms in the brain stem proba-

bly through the reticular activation system, several

clinical observations can be explained : the facilitation

of various extrapyramidal hyperkineses ijy emotion

and the kinesia paradoxa of parkinsonisin, as well as

the emotional decompensation of vestibular lesions

resulting in vertigo.

MAMMALIAN BEHAVIORAL STUDIES IN RELATION TO

EXTRAPYRAMIDAL CENTERS. Decorticatc mammals ex-

hibit certain instinctive actions, carried out by the

basal ganglia and lower brain-stein mechanisms;

feeding, drinking, fighting, rage, periodic sleep and

sexual activity in females are preserved. By contrast

human beings without cortex are more helpless when

parts of the basal ganglia with the pallidum are pre-

served because they cause rigidity. Mesencephalic

human beings however may have much better motor

coordination and show a series of instinctive per-

formances after certain afferent stimuli.

Certain emotional and feeding mechanisms of in-

fants at various ages have been described by Peiper

(207). By the study of normal and anencephalic

children, it has been established that sucking, oral ad-

version and yawning (with stretching) can be carried

out by mesencephalic and rhombencephalic struc-

tures. Some of the responses of Camper's mesence-

FiG. 19. Instinctive behavior and oral automatisms in

Camper's mesencephalic human being, a: Yawning with spread-

ing of arms, b: Oral adversive movements after touching the

lips with deviation of eyes, c : Coordinated gaze and snapping

movements after finger was removed, d: Spontaneous sucking

of own hand, e: Oral adversion to the left side with deviation

of head and eyes and tonic neck reflexes in the arms. [From

Camper (67).]

phalic human being (67) are shown in figure 19. It

was able to follow by turning the eyes and the head

upwards and sidewards after attention was aroused

and it made coordinated snapping movements to-

wards the finger (fig. igc). These mechanisms are not

simple 'reflexes' but instinctive innate patterns which

are elicited by sensory sign-stimuli. This creature was

able to cry and to yawn. It displayed oral adversive

movements, especially after stimuli near the mouth, so

that its feeding behavior approaciied that of a normal

child. Periodic alterations of activity resembling sleep

and wakefulness as well as yawning and its associated

stretching occurred (fig. i<^a). In contrast to normal

infants with intact thalamus and pallidum, however,
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FIG. 20, Spontaneous rotatory movements of cats as integral

parts of instincti\e behavior, a to i: Sudden rotation of a de-

fendins; male cat during fight, k: Slower rotatory turning move-
ments of a female cat in heat during sexual play before mating.

The head precedes a clockwise rotation and rolling movement.
[From Leyhausen (160).]

there was little spontaneous activity. Left alone the

anencephalus remained mostly in a drowsy state from

which it could be aroused by sensory stimuli.

Rolling movements are integral parts of certain

types of instinctive behavior, such as appear in male

cats fighting each other or in female cats during

sexual play. Examples taken from the studies of

Leyhausen (160) appear in figure 20. These move-

ments are doubtless similar in nature to the rotatory

movements of the head arid body which Hess ob-

tained in cats by stimulation of the diencephalon.

(fig. 10). Their appearance in instinctive activitv ap-

parently depends on emotional release.

Very little is known about the role of the extra-

pyramidal motor system in conditioned behavior.

Stevens & MacLean (manuscript in preparation)

found that low-frequency stimulation of the caudate

nucleus in cats caused a failure of conditioned

avoidance responses whereas high-frequency stimula-

tion caused circling but did not alter the conditioned

reaction. Brady (13) observed elimination of condi-

tioned fear responses when cats indulged in .self-

stimulation of the caudate nucleus. Recent experi-

mental evidence has shown an important role for the

nonspecific acti\'ation system in conditioned re-

spon.ses.

Enddirhie Influenci's on Extrap\ramidal Mechanisms

That the extrapyramidal motor centers are related

to the endocrine system is indicated by some clinical

and experimental observations, but their mechanism

is still obscure. An influence of the sex hormones was

suggested by the observation of Simons (235) that

tonic neck reflexes in a female hemiplegic were

diminished or abolished during menstruation. Olds

(203) obser\ed that in self-stimulation experiments

with electrodes in the caudate nucleus, castrate rats

responded only when the androgen le\'el was kept

adequate. C^lear experimental evidence for hormonal

action on extrapyramidal structures is available only

for lower pontobulbar centers. Dell et al. (38) have

established the activating influence of epinephrine on

the reticular formation. A clinical parallel may be the

increase in the tremor of Parkinson's disease pro-

duced by epinephrine, as described by Barcroft et al.

(11). The physiological meaning of these interesting

and puzzling observations still remains to be investi-

gated.

Electrophysiology of Basal Ganglia

As stated above, the application of classical methods

of localized stimulation and extirpation to the basal

ganglia in animals was rather disappointing. New
hope for experimental investigation of basal ganglia

arose when the recording of brain potentials was then

applied to the extrapyramidal system in the deeper

brain structures. However, information so obtained

has been rather limited and its physiological interpre-

tation not very illuminating.

Gerard et al. (68) first used the Horsley-Clarke

apparatus for picking up potentials from \arious
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subcortical structures but did not pay special atten-

tion to extrapyramidal centers. Spiegel (238) re-

corded potentials from the thalamus. Jung & Korn-

mijller (136, 137) made a systematic study of the brain

potentials of the caudatum, putamen and thalamus

of rabbits, cats and monkeys, using a modified Hess'

technic of implanted electrodes. In unanesthetized

rabbits and cats they found periodic spindle-like

brain vvas'es appearing in the striatum nearly syn-

chronized with the contralateral striatum, the medial

thalamus and the motor cortex. After sensory stimuli,

flattening suggestive of desynchronization was re-

corded in the striatum, motor cortex and medial

thalamus simultaneously with evoked rhythmic waves

in the hippocampus. Accordingly a functional coor-

dination of the.se different brain structures was as-

sumed to exist although the anatomical connections

remained obscure, especially between the motor cor-

tex and the striatum. Jung & Kornmuller (137) sug-

gested in 1938 that bilateral connection of striatum

and motor cortex was induced by a 'third brain

structure.' In these early times the nonspecific

thalamoreticular system was unknown. One may now

assume that this coordination of periodic brain poten-

tials and desynchronization can be regarded as a

function of the nonspecific activation system. This

assumption is .supported by the findings of many

authors [Jung & Tonnies (138), Stoupel & Terzuolo

(248), Umbach (261, 262)] that stimulation of the

caudate elicits trains of cortical waves resembling the

recruiting potentials and that these waves show

highest amplitudes in the motor fields. The bilateral

synchronization of potentials found in the left and

right caudatum of cats and rabbits was explained by

Jung & Kornmiiller as the consequence of a common
pacemaker. Direct induction by the contralateral

caudate was rejected because convulsive potentials

did not spread from one caudate nucleus to the contra-

lateral one and because anatomical commissures

between the striata were lacking.

When barbiturate anesthesia was given, Jung &
Kornmuller found the large slow potentials appearing

in the caudatum before they were seen in other brain

regions. This was confirmed later by Schneider and

co-workers (227) in a systematic study of narcosis. As

in animals, the spontaneous rhythms of the striatum

and pallidum in man do not differ essentially from

the cortical brain rhythms. Hayne et al. (93) described

somewhat faster alpha-waves from the human cau-

date than from the cortex. The putamen, pallidum

and surrounding structures had similar frequencies

and amplitudes; the main source of the potentials

was found in the head of the caudatum and the

putamen. Knott and co-workers (151) found early

changes in caudate electrical activity at the onset of

sleep as did Hodes et al. (116) in the monkey.

Our own experience during stereotaxic operations

in man failed to show regular or characteristic

changes of electrical activity of the basal ganglia in

extrapyramidal diseases. But Spiegel and co-workers

(244) observed a case of posthemiplegic athetosis

having brain waves of low amplitude in the contra-

lateral caudate.

Alterations of sui:)cortical electrical activity under

the influence of drugs other than anesthetics were

described in cats with and without lesions of the basal

ganglia by Baker et al. (10), and Baird and his col-

leagues (g), and in a few cases of extrapyramidal dis-

eases by Spiegel et al. (239). Brain wave slowing after

chlorpromazine, meprobamate and bulbocapnine was

observed in the striatum and pallidum, chiefly in the

caudate nucleus. Increased sensitivity of the pallidum

to drug action was observed after homolateral cau-

date lesions by Baird and co-workers (9).

Kennard & Nims (146) found that lesions of the

head of the caudate in monkeys were followed by

changes of cortical potentials showing more intense

'hypersynchrony' of the alpha waves. Combined

lesions of the motor cortex and the basal ganglia

caused the most marked changes.

The effects of electrical stimulation of the basal

ganglia have been studied. Jung & Tonnies (138)

found incidentally that intralaminar thalamic stimu-

lation evoked potentials in the caudatum and hippo-

campus with lower threshold than in the isocortex

and that caudate stimulation es'oked recruiting-like

responses in the isocortex and allocortex. Ajmone-

Marsan & Dilworth (2) recorded recruiting responses

in cat caudate nucleus after stimulation of the non-

specific thalamic nuclei. Stimulation of the caudate

produced recruiting-like responses in the cortex of

shorter latency. Lesions of the caudatum affected

only slightly the cortical recruiting response but did

not abolish it. They concluded that the striate system

does not have an 'active' role in the production of the

recruiting response.

In cats Spiegel et al. (239) found a close relationship

between the nonspecific thalamus, the caudate nu-

cleus and the pallidum after thalamic stimulation.

Recruiting potentials of the striopallidum were more

constantly (but not exclusively) obtained from the

nonspecific thalamic nuclei than from the association
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FIG. 21. Neuronal activity in the putamen followinc; various

afferent stimuli. Effects of single shock stimuli (7 v.; o. i msec.)

at arrow to contralateral median (A/e), contralateral sciatic (Sc),

contralateral peroneal iPc) and ipsilateral sciatic (Si) nerves.

Below: Responses elicited by lightly touching fur at base of tail

(touch) or by stretching the contralateral gastrocnemius muscle

{pull); application of such stimuli occurred approximately at

arrow. Downu'ard deflection represents a positive signal and

time calibration indicates 500 msec. [From Segundo & Machne

(231).]

or the specific relay nuclei. In man intralaminar

thalamic stimulations induced recruitment waves

in the pallidum.

Conversely pallidal stimulation may induce recruit-

ment waves in the human cerebral cortex mainly in

the homolateral hemisphere [Hassler (85, 86), Um-
bach (261)] (fig. 18). Spiegel & Wycis (243) and Um-
bach (261), however, found recruiting phenomena
and waxing and waning of cortical responses following

pallidal stimulation less constantly than after thalamic

stimulation. A clear di.stinction between recruiting

and augmenting potentials as described by Morison

in cats is not always possible in man.

Ajmone-Marsan & Dilworth (2) and Shimamoto

& Verzeano (233) described recruiting waves in cats

after caudate stimulation at a rate of 8 per sec. similar

to those appearing after stimulation of nonspecific

thalamic nuclei. The experiments of Umbach (262) in

cats {encephale isole) showed that caudate stimuli of

low frequency cause constant spindle bursts in both

caudate nuclei, the motor cortex (mainly homo-
lateral), hippocampus and intralaminar thalamus.

During the slow wave in the caudatum wiiicii pre-

cedes a spindle burst a silent period occurs in the

same structures which show spindles after caudate

stimulation. The effects of caudate stimulation can

be conditioned by stimulation of the reticular forma-

tion. The electrical activity of the caudate prefers

slow frequencies of 5 to 7 per sec. and even in con-

\ ulsions does not show higher frequencies than 15 to

25 per sec. During clonic convulsions the caudate

shows early rhythmic slow waves and silent periods

preceding other brain regions. This may indicate a

special role of the caudate in clonic convulsions.

Whether the caudate can induce the rhythm of

clonic discharges by intermittent inhibition as sug-

gested by Jung (131 ) is not yet clear. Electrical stimu-

lation of the caudatum sometimes but not regularly

can suppress convulsive activity in the rhinencephalon

and isocortex. Umbach's experiments give some addi-

tional evidence for an inhibitory function of the

caudate which tends to restrain excitation processes

in the brain.

Microelectrode recording within the lenticular

nucleus and the claustrum of the cat was carried out

by Segundo & Machne (231). Their results are of

special importance for the afferent projection of

different modalities to the higher extrapyramidal

centers. They found that approximately two thirds of

the neurons of the putamen responded to various

somatic sensory stimuli mainly from skin and muscles,

as shown in figure 21. Activation as well as inhibition

of neurons was encountered. Inhibition (cessation of

unit firing) was apparent only in neurons of the

putamen, while activation with different latencies

was found in both pallidum and putamen. The tem-

poral pattern of response was distinctive for each type

or location of afferent stimuli. Association of somato-

sensory and vestibular effect was described as the most

common type of convergence on single neurons of

pallidum and putamen. One third of these neurons

reacted to vestibular stimuli by increase or decrease

of discharge. Effects from vagus nerve stimulation

were also found in the putamen. Olfactory, acoustic

or optic effects were exceptional but occasionally also

resulted in con\ergence with somatosensory affer-

ents.

Segundo & Macime on the basis of their findings

have suggested that the motor functions of the striatum

and pallidum include a participation in the sensory-

motor regulation of complex behavior. These investi-

gations are a promising starting point for further

researches on single neurons of the extrapyramidal

system that will give us a more detailed insight into

the functions of the iiasal ganglia.
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CONCLUSIONS

A synopsis of the many ob.ser\ations and experi-

ments collected in the precedina; pages proves rather

disappointing. To draw general physiological conclu-

sions from the various experimental and clinical facts

known about the extrapyramidal system is difficult

for three reasons: a) the arbitrary anatomical defini-

tion of the extrapyramidal motor system in the basal

ganglia limits consideration of functional motor corre-

lations; b) the marked divergence between the

symptomatology of human extrapyramidal disorders

and those experimentally produced in animals; and

c) the hazard of making deductions from the results

of lesions, stimulations and electrical recordings in

limited regions. With these difficulties in mind we

may try to draw soine general conclusions.

Four recent trends of research have contributed im-

portantly to our knowledge of the extrapyramidal

motor system and of the functions of the basal ganglia

:

a) the discovery by Hess (100-105, 108) of direction-

specific moveinents evoked by diencephalic and

mesencephalic stimulation in freely moving cats, and

the localization by Hassler (89) and by Hassler & Hess

(91) of the nuclei and tracts in the brain stein medi-

ating these responses; b) the application of modern

neurosurgical techniques, particularly stereotaxic in-

strumentation by Spiegel, Wycis, Talairach, Hassler,

Riechert, Narabayashi, Leksell, Cooper and others,

to problems of extrapyramidal function (92), the

results of which have completely changed our con-

cepts of the origin of the parkinsonian syndrome;

c) the discovery of the motor control of muscle pro-

prioceptors by Sommer (236) in man, of the gamma
motoneuron system in animals by Leksell (158) and

Hunt & Kuffler (120), and of the supraspinal control

of this system by Granit & Kaada (72) in which

extrapyramidal, cerebellar and pyramidal neuronal

circuits play an important role; and d) the develop-

ment of microelectrode studies of single neuron units

in the basal ganglia, begun by Segundo & Machne

(231), through which the rich variety of afferent im-

pulses converging on extrapyramidal centers is now
being explored.

Dijferent Organization of Extrapyramidal System

in Man and Animals

Although the gap between animal experiments and

neurological disorders in man cannot be bridged,

the.se di\'ergences clarify some essential features of the

physiological and anatomical organization of the

human motor system. The different anatomical de-

velopment of extrapyramidal structures in man and

animals, the development of upright gait, the pre-

ponderance of the human pyramidal system and,

finally, the different arrangement of the motor mecha-

nisms for postural supporting reactions and automatic

movements are factors at least partially accounting

for the differences observ-ed.

Characteristic features of human extrapyramidal

disorders are the various hyperkinetic syndromes

which are unknown or less apparent in animals. This

demands a general explanation of hyperkineses on a

physiological basis. Such an explanation can now be

given. According to Hess, the antagonistic 'tonic'

forces of the central motor regulation systems repre-

sent latent motion but are normally balanced. Mani-

fest movements occur only after this balance has

changed by physiological order or pathological dis-

order. A disequilibrium due to inhibition or to a loss

of one of several balanced forces in the central nervous

system may result in unintentional movements in the

opposite direction. We assume that the more differ-

entiated and delicate balance of human motor func-

tions, subserving manual manipulation and regulating

upright gait, makes them also more liable to disorders

resulting in involuntary movements.

Mechanism of Extrapyramidal Disorders

Hyperkinetic symptoms probably similar in mon-

keys and man can be produced by lesions of the sub-

thalamic nucleus and its surrounding pathways which

result in hemiballism and hemichorea. Postural

tremor can be evoked in monkeys and less consistently

in cats after midbrain tegmental lesions, but parkin-

sonian syndromes accompanying disease of the sub-

stantia nigra in man cannot be reproduced in

animals. Although parkinson-like symptoms are de-

scribed in monkeys following large bilateral mesen-

cephalic lesions overlying the nigra which were

diminished by destruction of the caudal pallidum

[Schreiner et al. (229)] as in human parkinsonism,

the results of pallidotomy seem to be somewhat differ-

ent in man and monkey.

Decerebration rigidity after midbrain transection

or large tegmental lesions in animals is not com-

parable to the rigidity of human parkinsonism but is

a syndrome revealing lower ijrain-stem motor mecha-

nisms released after elimination of postural regula-

tion by the higher extrapyramidal and pyramidal

centers. Two different physiological mechanisms of

decerebrate rigidity depend on hyperactivity of the
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alpha and of the gamma systems of motoneurons.

Alpha hyperactivity occurs after anemic decerebra-

tion, gamma hyperacti\ity after midbrain transection.

Although the gamma system may show certain dis-

turbances in human parkinsonism, the.se are opposite

to that in the decerebrate state and the conditions in

animals and man after midbrain lesion cannot be

honiologized.

In man lesions of the higher le\els of the extra-

pyramidal system, especially the striatum and sub-

thalamic nucleus, induce contralateral hyperkinetic

movements, such as tho.se of hemiballism and chorea.

Combined lesions of the higher extrapyramidal cen-

ters in the telencephalon and diencephalon cause

athetotic and dystonic syndromes. Lesions of lower

extrapyramidal centers in the midbrain, especially

in the nigra, cause parkinsonian tremor, rigidity and

akinesis.

Pathological Manifestations and J\ormal Fuintion

of Extrapyramidal Structures

To attribute special functions to special nuclei of

the extrapyramidal system would be a crude simplifi-

cation. Nevertheless an effort to suggest the role of

the structures of the extrapyramidal system in motor

coordination should be made although only with

caution.

The striatum (caudatum and putamen) receives

afferent impulses from many different receptors, but

the main afferent pathways come from the centro-

median nucleus of the thalamus. Striatal lesions in

man result in hyperkinesis accompanying intentional

mov'ements as in chorea. In animals striatal stimula-

tion causes contralateral de\iation or general inacti-

vation. Lesions in cats and monkeys are followed only

by slight hyperkinesis and surprisingly few defects of

longer duration. The coordinating function of the

striatum seems to be very complex and may be tenta-

tively circumscribed as regulation of intentional

movements by suppressing and screening additional

motor mechanisms in some functional association

with the nonspecific thalamorcticular svstem regulat-

ing sleep and general acti\ity.

The role of the pallidum in extrapyramidal dis-

orders has had to be re\ised as a result of recent experi-

ences with stereotaxic lesions in man. The old concep-

tion that pallidal lesions cause muscular rigidity was

not confirmed; stereotaxic pallidotomy in parkin-

sonian states and other extrapyramidal diseases has

the opposite effect of diminution of muscular rigidity.

Electrical stimulation of the human pallidum does

not result in any direct motor effects but causes a

partial blocking of voluntary movements and arousal

or ad\ersi\e effects. Destruction of the pallidum

causes a general inactivation or sleep syndrome of

short duration and a diminution of muscular tone

at the contralateral side of the body of long duration,

as well as of rigidity in parkinsonism. The functional

role of the pallidum may be tentatively designated a)

increasing the tonic background of intended and

automatic movements, and b) general activation in

coordination with the thalamorcticular system.

The corpus subthalamicum of Luys has two-way

connections with the external pallidum. Lesions of

this nucleus in monkeys and man result in contra-

lateral choreiform or hemiballistic movements. The
function of the subthalamic nucleus cannot be defined

exactly but may be similar to that of the striatum by

restraining motor activity of the contralateral side

in collaboration with the activating influence of the

pallidum.

The ccntromedian nucleus of the thalamus seems

to be the main crossroad for the coordination of the

nonspecific activating and the extrapyramidal motor

system. Electrical stimulation mav cause sleep or

arousal effects in animals and man, depending upon

the frequenc) and strength of stimulation. Control

of the general motor patterns of attention and arousal

may be tentatively ascribed to the function of this

nucleus.

The role of the red nucleus in the extrapyramidal

motor system is still obscure. The fact that, while in

the lower animals it is predominantly magnocellular

and gives ri.se to the rubrospinal tract, in man it is

mainly parvicellular, and originates the large de-

scending central tegmental tract and renders gener-

alizations concerning its functions hazardous. In cats

stimulation of the magnocellular part of the red

nucleus and ruijrospinal tract caases raising of head

and foretrunk. Although adequate evidence is lacking,

the anatomical connections seem to indicate that the

parvicellular red nucleus of man exerts a controlling

function by negati\e feedback to the cerebellum \ia

the central tegmental tract and inferior olive, so regu-

lating upright posture and gait and making possible

the postural corrections required for the teleokinetic

or intentional motor actions.

Selective destruction in man of the substantia nigra,

which has connections with the striatum, cerebral

cortex and reticular formation, causes the parkin-

sonian syndrome. Human tremor shows all the

phenomena of relative coordination, described by

\^on Hoist (278) in the fin movements of fishes (fig.



THE EXTRAPYRAMIDAL MOTOR SYSTEM 921

15). Tremor may be facilitated Ijy impulses arising

from the pallidum and the afferent pathways to the

motor cortex, and conducted by the corticospinal

tract and other extrapyramidal pathways. We regard

the essential mechanism of tremor as a release of

rhythmic antagonistic mo\ements occurring in lower

spinal or buUiar levels.

Lower Centers of Statokinetic Regulation

in the Brain Stem

The substrate of Hess" direction-specific movements

of eyes, head and trunk resides in the lower extra-

pyramidal structures of the diencephalon and mesen-

cephalon, as shown in figures 8 and 9. Stimulation in

the cat of these structures results in rotatory, raising,

lowering or turning movements, while destruction

results in positions which are the mirror image of

those resulting from stimulation (fig. 10). Rotatory

movements around the longitudinal axis are obtained

from the interstitial nucleus, from its fiber connections

and from medial fibers of the brachium conjunctivum.

The efferent paths run through the interstitiospinal

tract. Raising movements around the biteinporal

axis are obtained from the prestitial nucleus. The

efferent paths go through the medial longitudinal

Ijundle and rubrospinal tract. Lowering movements

around the bitemporal axis are obtained from the

precommissural nucleus and its descending tract to

the tegmentum. Ipsiversive turning movements in the

horizontal plane around the vertical axis are obtained

from the region of the mesencephalic reticular forma-

tion supplied by ipsilateral vestibuloreticulothalamic

fibers and by the vestibulothalamocortical system.

These parts of the reticular formation seem also to

contain the efferent mechanisms of contraversive cor-

tical and subcortical adversive systems, after crossing

in the mesencephalon.

These results are obtained only in quadruped ani-

mals. The organization of these systems is essentially

different in man who has developed a quite different

relation between head position, eye movements and

trunk axis in his upright posture. The common extra-

pyramidal disorder of oblique head turning in human
torticollis and torsion dystonia probably represents a

regression to lower phylogenetic mechanisms released

by asymmetrical disturbances of higher centers regu-

lating head and body posture.

Extrapyramidal Cortical Areas

Somatomotor movements obtained by stimulation

of the cerebral cortex after complete destruction of

the pyramidal tract were among the first extrapyram-

idal motor functions demonstrated experimentally.

However, the neurophysiological significance of the

so-called "extrapyramidal areas' of the cerebral cortex

(areas 6, 8 and 4s) still remains problematic. Further,

the existence of a component of the pyramidal tract

arising in extrapyramidal areas seems rather certain.

On the other hand, adversive movements after stimu-

lation of area 6 can be obtained without connections

of this area with area 4 and after interruption of the

pyramidal tract. The complex integration of motor

activity requires close coordination of the extrapyram-

idal system with the pyramidal system in the

cerebral cortex, the cerebellum and the peripheral

receptors, particularly in man. Only in the lower

forms does the extrapyramidal motor system, to-

gether with the reticular activating system and spinal

mechanisms, seem to be sufficient to integrate in-

stinctive motor behavior.

Afferent Mechanisms

Apparently the proprioceptive influences on the

extrapyramidal centers necessary for their function

act through the cerebellum. The various loops of

neuronal chains illustrated in figure 12 seem to be

the main anatomical mechanisms. Besides the cere-

bellar contribution, direct proprioceptive influence

must also be postulated for the various direction-

specific movements of the head and eye. At least cer-

vical joint and labyrinthine receptors signaling the

position of the head inust operate continuously as

afferent regulators. Many other afferent impulses

apparently impinge on the neurons of the higher

extrapyramidal centers, as recent unit records from

the striatum have shown.

Efferent Meclianisms and Cooperation with

Motor Cortex and Cerebellum

How the efferent pathwass of the extrapyramidal

motor system are coordinated with the pyramidal and

cerebellar systems can not yet be formulated with con-

fidence. A tentative scheine suggested to Hassler in

1956 by the anatomical connections is shown in figure

1 2. The most important efferent pathways to the

spinal motor horn .seem to be the rapidly conducting

reticulospinal tracts. The cerebellum contains the

principal mechanisms coordinating the different extra-

pyramidal centers with each other, with the reticular

formation and with the cortical motor system. Special

efferent structures of the cerebellum reach the reticu-



922 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

lar formation of the pons and the vestibular nuclei,

others pass through the dentate nucleus to the upper

levels of the thalamus and motor cortex. From there

cerebrospinal fibers carry impulses coming from these

circuits downwards. Thus the pyramidal tract may

function as one of the efferent pathways of the "extra-

pyramidal' system (fig. 12). Most of the coordinative

integration of the extrapyramidal system at supra-

spinal levels is carried out in cerebelioponto-olivary

centers, including the short neuron systems of the

reticular formation.

Thus the complex motor regulatory influences of

the basal ganglia are exerted through the cerebellum

and the motor cortex. The main descending path in

the brain stem for these cerebellar circuits is the cen-

tral tegmental tract from the red nucleus to the

reticular formation and inferior olive. The result of

this integration in short and long chains of neurons,

coordinated with vestibular and cortical impulses and

with cervical proprioceptors, is transmitted to the

anterior horns. In parallel with the descending retic-

ulospinal tracts, the interstitiospinal and vestibulo-

spinal pathways influence the motor horn cells mainly

for the direction-specific movements of head and body.

The rubrospinal tract (from the magnocellular red

nucleus) has no significance in the human. The eflTer-

ent pathways of the parvicellular red nucleus are re-

laved through the central tegmental tract in the

reticular formation [VVeisschedel (291)] or coor-

dinated with cerebellar circuits through the inferior

olive.

At the spinal level the efferent extrapyramidal im-

pulses carrying downwards the integrated and simpli-

fied result of cerebral coordination cooperate with

the propriospinal interneuron systems, fed by extero-

and proprioceptive aflferents from the periphery. Im-

pulses in the long cerebrospinal tracts end mostly on

spinal interneurons. Direct endings on alpha moto-

neurons, if existent, are of little significance, but end-

ings on gamma motoneurons may be more important.

This spinal sensorimotor coordination cannot work

properly without the external loops of the gamma

motoneurons, regulating proprioceptive afferent flow

from the muscle spindles. By this convergence of

neuronal circuits the highest motor centers are able to

control motor readiness and to command motor per-

formances at the lowest level of peripheral motor

effectors.

The relation of higher extrapyramidal centers to

spinal reflexes has not yet been sufficiently investi-

gated. Control of the gamma motoneuron system

and muscle spindles over two separate pathways from

the reticular formation seems to ije a proijable function

of lower extrapyramidal structures.

The role of the extrapyramidal system in posture

and locomotion is clarified i^y application of Hess'

dynamic interpretation in terms of his concept of

'teleocinetic" and 'ereismatic' motility. Normal pos-

ture is the result of a dynamic equilibrium of central

antagonistic forces continuously active in the waking

state and controlled by afferent impulses. On the

lower motor mechanisms, mainly dependent upon

labyrinthine and cervical propriocepti\e influences,

is superimposed a mesodiencephalic coordinating

apparatus for body posture showing an elaborate

direction-specific differentiation, closely integrated

with the cerebral cortex and operating in the three

dimensions of space. The physiological mechanism of

'ereismatic' supporting motility seems to be primarily

proprioceptive but is regulated in anticipation of

action via the gamma system and its extrapyramidal

control. However, we are still ignorant about the

mechanisms of motor anticipation in the higher

extrapyramidal and cortical centers.

The relation of extrapyramidal functions to in-

stinctive behavior is revealed by the findings of com-

parative physiology and some reactions of decorticate

mammals. In birds having a highly developed

striatum and little cerebral cortex, the upper and

lower striatum can regulate their behavior and they

can even exhibit some learning without the cerebral

cortex. Complex instinctive actions as mating and

nesting require the hyperstriatum but not the cortex.

Simpler components of their feeding, drinking, fight-

ing and courting ljeha\'ior are possible without the

cerebral cortex and hyperstriatum but only if the

ectostriatum and mesostriatum are intact.

Relations of the extrapyramidal system to the

thalamoreticular regulating system are suggested

by phylogenetic, anatomical, electrophysiological and

clinical evidence. Apparently extrapyramidal centers

contain the motor mechanisms of attentive behavior

and of the postural accompaniments of wakefulness in

close coordination with the reticular formation of the

brain stem. Ph\logenetically the extrapyramidal cen-

ters seem to have been differentiated from the central

core of the brain stem regulating motor behavior.

The reticular formation is primarily a motor coor-

dination apparatus. The psychological aspects of at-

tention and consciousness are only secondary differ-

entiations from this basic regulation of behavior.

In spite of the extensive literature on the extra-

pyramidal motor system we must confess that we know

surprisingly little about the essential phvsiological
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mechanisms of its functions and the coordinative

action of its parts. Some of our conceptions were de-

veloped only from the interpretation of morphological

data or from neuropathological observations and are

not based on experiments. Fiber connections between

different nuclei and the afferent and efferent pathways

of basal ganglia give only limited indications of

physiological functions. The efferent extrapyramidal

mechanisms, especially, which probably consist largely

of short chains of neurons, have not yet been worked

out. The corticospinal (pyramidal) tract acts also as

an efferent extrapyramidal mechanism, although this

appears paradoxical at first sight. \'ery little also is

known about the afferent input to the higher extra-

pyramidal centers from difi'erent receptor organs and

about the role of these afferent influences in the co-

ordination of motor activity. However, recent electro-

physiological studies on single neurons of the striatum

activated by different receptors provide a new ap-

proach to this problem and may help to elucidate the

afferent aspect of the extrapyramidal system.

It is one of the purposes of this chapter to show the

many gaps in our scientific knowledge in this field and

to indicate where additional neurophysiological ob-

servations are needed. This may stimulate further re-

search to solve at least some of the many physiological

riddles of the functions of the basal ganglia.
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INTRODUCTION

ACTION MEDIATED BY THE SPINAL CORD differs de-

pending upon what structures craniad to it retain

functional continuity with it, and also to a degree

depending upon the length of time it may have been

isolated from these structures. Thus the decerebrate

preparation displays prominently, indeed in exag-

gerated form, certain reactions that can be elicited

only with difficulty, in fractional form, or not at all

in the spinal preparation. But let the spinal prepara-

tion progress from the 'acute' to the 'chronic' status

and certain reactions, previously submerged, are

elicitable (76). Clearly the machinery was there yet

inoperative in the acute phase. Still other reactions

are more readily obtained in the acute spinal state

than in the decerebrate, indicating that continuity

with the brain stem brings to the spinal cord not

only supportive influence but, perhaps equally,

supressive influence. Submissive as the spinal cord

is to higher centers it is nonetheless an organ in its

own right; it contains the essential mechanisms for

the reflex actions it mediates. Realization of this

fact has increased immeasurably since the time when

reflex action could be judged largely only by its ex-

ternal expression in muscle contraction. Today with

the aid of delicate tests for excitability change in

any motor nucleus of choice, one finds revealed

the potentiality for action as well as action itself—ex-

pression, in suisliminal form, of action that would

take place were conditions appropriate.

Once the spinal cord has been isolated from supra-

spinal influence, specifically that of the brain, the

power to initiate movement is lost to the animal

and such movements as it executes are relatively

stereotyped, dependent upon presentation of change

in the external environment, and are in character

related to the nature of that change. Mindful that

the entities called reflexes normally are probably

inextricably blended in the performance of the

animal and so in a sense are artificial entities, one

can remove each from its functional context for

analysis and classify it. What then are some of these

reflex entities? If one attempts, in the decerebrate
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animal, to force the rigidly extended limb into a

flexor posture, the limb resists the applied force by

active muscular contraction. This in essence is the

stretch or myotatic reflex (52). Upon increasing the

force to a degree that might be supposed potentially

harmful, the limb may suddenly give way and as-

sume a new posture more in flexion. This happening

is called the lengthening reaction (93), or inverse

myotatic reflex (50). As the limb gives way, the

limb opposite may increase its extensor posture, a

reaction discovered by Philippson (79) and named

after him—Philippson's reflex. If some part of a

limb comes into contact with a source of hurt, that

limb rapidly is removed from the source by a reflex

of flexion, general in character, involving the several

joints of the limb. Associated with this ipsilateral

flexor reflex, and set in action by the same sorts of

stimulation, is the crossed extensor reflex (92). A
flexor stretch reflex is known and in operation plays

a role in walking movements. There are others, the

scratch reflex, hand-foot reactions and so on; but

it is sufficient when concern is with principles to

concentrate attention upon a few, the spinal mecha-

nisms for which are reasonably well understood.

The reflex arc consists of afferent fibers that bring

to the spinal cord information as to the environment,

internal as well as external, and that reach the spinal

cord by way of the dorsal roots; of motor fibers,

emergent through the ventral roots, that in action

provoke muscular contraction and movement; and

of a mediate system of interneurons arranged in

patterns, largely unknown, but certainly of varying

complexity. The mediate system is engaged by all

but one of the known spinal reflex reactions, that

unique exception bring the stretch reflex (54, 55).

Entering into the spinal mechanism from the

periphery are afferent fibers the action of which is

destined to result in the relay of information to the

higher centers. To what extent these are the same

fibers as those which feed the local reflex mechanism

is not reliably known. There are in turn descending

fibers entering into the spinal mechanism from higher

centers serving all manner of supraspinal influence

over the final product of neural activity, motion.

Thus the spinal cord is not only an organ in its own

right but is also a major highway of liaison between

the brain and the outer world.

CONSTITUTION OF AFFERENT PATHS

Dorsal roots contain myelinated fibers of all

diameters from the largest, approximately 22 ix, to

10 12 14 16 18 20 /J.

FIG. 1. Distribution with respect to diameter of the afferent

fibers in a "demotored' muscle nerve (heavy line) and in a

cutaneous nerve ifainl line-shaded area). The pile of fibers

centered at 1 7 M, unique to muscle nerves, is termed Group I.

Group II includes the pile of fibers centered about the 8 m peak,

and Group III those about the 3 m peak. [From Lloyd (60).]

the smallest, approximately i /i. There are in addi-

tion unmyelinated fibers in profusion. A distinction

of great functional import is seen if one considers

not the entire gamut of afferent fibers gathered to-

gether in a dorsal root, but rather such aggregations

of afferent fibers as appear severally in nerves to

muscles and nerves to skin.

Figure i illustrates the distribution with respect to

diameter of myelinated afferent fibers in a typical

'demotored' muscle nerve (63) and a typical skin

nerve (29). There are three peaks of numerical

preponderance; one, located at approximately 17

/i, consists of a group of fibers unique to the muscle

nerves. The other peaks, at approximately 8 m and 3

H are present in both muscle and skin nerves. In

order of decreasing magnitude the fibers gathered

about these three peaks are designated, respectively.

Group I, Group II and Group III (54, 63). Among
skin afferent fibers those designated Group II corre-

spond essentially to the alpha and beta fibers and

Group III to the delta fibers of earlier description

(24). The present terminology, yielding in priority

with respect to skin nerves, is the more convenient

when reflex action is the subject under review.

Afferent fillers from joints play an important role

in somatic activities, although they have not been

studied as intensively as have the other sorts. They

are distributed with respect to diameter in much the

same way as are skin afferent fibers.
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These afferent fibers, henceforth called Group IB,

can be considered as falling exclusively in the Group
I band with the preponderance toward the lesser

diameter members of that band.

Actually the question of lA and IB filler distribu-

tions in the Group I band is in a state of utter confu-

sion, and the interpretation of experiments, even in

some instances the results of experiments, is highly

controversial. A definitive statement cannot be

made at this time. To facilitate discussion of the

situation it should be noted that Group I afferent

fibers include those that form monosynaptic reflex

connection for mediation of the myotatic reflex

(54; see also below), and that it is generally conceded

that the muscle spindle is the myotatic reflex recep-

tor.

The terms Group lA and Group IB first came
into use after Kuffler & Hunt (40, 44) proved that

the Group I band contained afferent fibers from the

two sorts of receptors, called A and B after the

original terminology of Matthews (72-74). Prior to

that it was known that the Group I band contained

the monosynaptic afferent fibers, and it was only at

that time that it became clear that the band con-

tained afferent fibers serving another reflex pattern

(50, 59). Subsequently Rail (80) studying the input-

output relation of the monosynaptic reflex of gastroc-

nemius found the monosynaptic reflex output to be

maximal at 60 to 70 per cent Group I input, an

observation that has repeatedly and consistently

failed of confirmation in the spinal preparation. For

instance, in spinal animals Hunt (38) and Lloyd &
Wilson (6g) have shown the monosynaptic reflex

output to increment progressively from reflex thresh-

old until measured Group I input is maximal, this

is in accord with the distribution of muscle spindle

afferent fibers of the gastrocnemius. Then Bradley &
Eccles (9) described the triphasically recorded con-

ducted afferent Group I spike of biceps-semitendi-

nosus and quadriceps, but not of other muscles, as a

'double negative spike.' These two peaks, in order

of latency, were designated lA and IB and it was

assumed that the A-type afferent fibers (muscle

spindle) occupied the first peak and that B-type

fibers (tendon organ) occupied the second.

A curious aspect of this bifid allegedly Group I

triphasic spike is its inconstant occurrence. Bradley

& Eccles report it as being 'an almost invariable

finding,' whereas Laporte & Bessou (47) describe it

as having been encountered only after many experi-

ments. Lloyd & Mclntyre' (66) did not encounter

bifid spikes but, in the light of the foregoing, may

2 4 6 8 10 12 14 16 18 //
12 24 36 48 60 72 84 96 10811/5

FIG. 3. Distribution with respect to velocity (and diameter)

of afferent fibers IVoni B-typc muscle receptors from the soleus

compared with the histological aflfeient fiber spectrum. Manner
of construction as in fig. 2, [From Lloyd (6o); after Hunt (37).]

not have persisted long enough. Another curious

aspect is that the threshold difference between lA

and IB according to Bradley & Eccles is greater

(i: i.5'2) than that between Group I and Group II

(1:1.48) according to Brock et al. (10), which cer-

tainly is a result inviting caution in the interpretation

and identification of the second peak of Bradley &
Eccles.

It is unfortunate that Bradley & Eccles made no

observations on Group II fibers of quadriceps and

biceps-semitendinosus, for recordings illustrating re-

sponse of the two groups would ha\e facilitated

interpretation.

Laporte & Bessou (47) report that most of the

afferent fibers characterized as arising in spindles

were located in their 'sous-groupe rapide' and those

from tendon organs were in their 'sous-groupe lent'

in the few instances in which they found bifid spikes.

L'nfortunately there is no indication that they fol-

lowed the rigid criteria established by Hunt (37) for

representative sampling, a most essential aspect for

quantitative study of units (61). Certainly the rigid

categorization by assumption presented by Bradley

& Eccles cannot hold and one must reserve judgment
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In mammals, l)ut not in tlic fros; (44), the two

groups of motor fibers are distinct in function as in

caliber. The large fibers are motor fibers to skeletal

muscle; the small fibers supply the intrafusal fibers

of muscle spindles and by their action provide

central control over muscle spindle afTerent re-

sponse, seemingly to adjust for the clifiTering circum-

stances of tension under which the spindle must

operate (44).

SPINAL LIAISON BETWEEN AFFERENT

AND MOTOR PATHWAYS

Afferent fibers enter into the spinal cord and motor

fibers depart therefrom. Between them they account

for little of the bulk of neural tissue contained within

the spinal cord. The vastly greater remainder con-

sists of interneurons. Concerning the manner in

which all these elements are organized, one can

speak for the most part only in generalities, there

being little known, with one notable exception, of

precise linkages that may be peculiar to any particu-

lar reflex mechanism.

Distribution and Properties of Afferent

Collaterals in the Spinal Cord

In figure 5 are to be seen the principle projections

in the spinal cord of the primary afferent fibers.

Those labeled C and c are directed into the nucleus

proprius of the dorsal horn and the substantia

gelatinosa Rolandi. These probably are concerned

largely with the relay of actixity to the great as-

cending tracts, although a distinct possibility exists

that the latter nucleus is concerned with the relay

of C fiber reflexes. The long collaterals a extend to

the ventral horn, giving off in passing a few colla-

terals h to the intermediate nucleus. In the ventral

horn at B these long collaterals have been shown to

establish synaptic connection with inotoneurons.

Coming from the deeper aspect of the dorsal white

column are dense bimdles of collaterals A directed

to the intermediate nucleus. It is evident that the

intermediate nucleus is of great importance in reflex

transmission, but the precise role it plays has been

subject to varied opinion and can be regarded as

controversial.

Froin a functional point of view the central projec-

tions of aflferent fibers are considered to have some

properties that differ from those of the parent fibers

from which they arise. Rudin & Eisenmann (85) have

mm
FIG. 5. Cross section of the spinal cord to illustrate the dis-

tribution of primary afferent fibers throughout the gray sub-

stance of the spinal cord. [From Ramon y Cajal (81 ).]

shown that the after-potential system of the fibers

changes aljruptly at the dorsal root-cord junction,

the intramedullary segment displaying a large nega-

tive after-potential. As soon as the afferent fibers

enter the spinal cord thev branch and as branching

takes place conduction velocitv decreases. Precise

measurements of intramedullary \elocities are avail-

able only for some of the projections in the dorsal

columns (66). In the much shorter collaterals into

the gray substance, the decrease is dramatic and

proijably sufficient to account for most of the formal

synaptic delay (56). What happens as impulses

penetrate into the terminal regions of the collaterals

is controversial. The notion that activitv in those

regions has an enduring qualit)- unlike that of

impulses in the parent fibers was brought to the fore

by the experiments of Barron & Matthews (6). The
alternative \'iew that action in the terminals is as

brief as peripheral axon spikes has been maintained

vigorously (12, 21). Lloyd c& Mclntyre (65) showed

that an enduring sink of current flow must exist in

the terminal collaterals and that it would have the

character of the potential change recordable in
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FIG. 6. The 'presynaptic potential' recorded by means of an

extracellular microelectrode. The initial deflection can be

assigned to primary afferent fibers that pass by the electrode

location. The prolonged negative deflection that follows repre-

sents an enduring change in the presynaptic endings of primary

afferent fibers resulting from a single shock stimulus to Group I

afferent libers.

motor nucleus and presented in figure 6. For a

variety of reasons, based on quantitative considera-

tions, the potential illustrated must be considered an

active presynaptic response rather than a passive

and subliminal response of the secondary neurons.

Suffice it to say that the properties of the primary

afferent fibers change as they enter the cord and

approach the terminal point at synapsis.

Circiimscrihrd and Diffuse Mechanisms nf Ramon y Ca/al

One of the great generalizations concerning the

functional organization of the spinal cord emerged

as the culmination of Ramon y Cajal's study of the

fine structure {8i ). It is presented in figure 7 on the

left of which one finds his 'circumscribed' reflex

mechanism in which afferent collaterals articulate

directly with motoneurons in a restricted region to

form a monosynaptic reflex arc. To the right is

represented the 'diffuse' reflex mechanism in which

interneurons are intercalated between afferent fibers

and motoneurons. These interneurons were regarded

as a means for diffusing activity over a wider field up

and down the spinal cord.

Divergence and Convergence

It is probably true that the axons of most neurons

in the central nervous system branch a number of

times to form synaptic connection with a number of

other neurons, as exemplified by the interneuron

illustrated in the diffuse mechanism of Ramon y

Cajal (fig. 7). This divergence is a feature in the

functional organization of the spinal cord. Likewise

one may make the generalization that many neurons

receive, by convergence, synaptic connections from

a variety of other neurons. It is immediately obvious

—jt'-W-'-t-—
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FIG. 7. Ramon y Cajal's diagram of the circumscribed reflex

mechanism {lefl) showing the monosynaptic connection between

the primary afferent libers and motoneurons, and of the diffuse

reflex mechanism iright] in which an interneuron is intercalated

between afferent fibers and motoneurons. [From Ramon y

Cajal (81).]

that convergence is the necessary condition for

integrative action in the nervous system. This

truism in itself is cause for examining a little more

closely the generality of convergence. One will

grant convergence as a prime structural factor in

organization of the motor systems, with the moto-

neuron, the final common path of Sherrington (90),

the paradigm of convergent foci. But afferent sys-

tems that have been studied reveal a synaptic

organization rather different from that of the motor

systems, specifically that at the motoneuron. Output

to the spinocerebellar tract from Clarke's nucleus

is linearly related to input (66) and there is, among

Clarke column neurons, no subliminal fringe (77).

Except for the fact that output to a single synchro-

nized input volley is, in Clarke's column and also

in the dorsal column nuclei (3, 87), repetitive, and

for the fact that some time is lost in relay, there is

virtually nothing to signify that synaptic relay takes

place in these nuclei. Naturally none of the fore-

going proves aljsence of convergence; in fact, it

might indicate the exact antithesis. The differences

between certain motor and afferent relays nonethe-

less are worth pondering.
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Locnl Sign in Reflex Action

There are in the nervous system many examples

of what is called point-to-point localization (or

projection). The relation of points in the occipital

cortex to points in the retina, or points on the somatic

sensory area to points on the body surface (4) come

to mind in this connection. Something of this sort

is seen in the myotatic refiex pathways and in these,

serving as they do reflex actions narrowly limited to

the zone of afferent origin, the localization is deter-

mined by anatomical limitation of connection (58,

67). However, local sign is preserved, in most

circumstances, within a fraction of the synergic

unit. Hence, and despite the fact that anatomical

limitation of connection establishes the ultimate

boundary of the field of action, a functional limita-

tion of action to a fraction of that field is usual.

Specifically an afferent nerve volley in the entire

Group I supply to the gastrocnemius can invol\e the

entire motoneuron pool of the gastrocnemius in

monosynaptic reflex discharge. That no other moto-

neurons are discharged or excited subliminally (57,

58) implies anatomical limitation of monosynaptic

reflex connection. In all ordinary circumstances a

similar volley confined to the afferent fibers of the

medial gastrocnemius will discharge only the medial

gastrocnemius motoneurons (57), there being certain

notable exceptions (i, 33, 41, 42, 64, 84). Action by

the lateral gastrocnemius motoneurons is facilitated

however (20, 57), which implies anatomical connec-

tion between them and medial gastrocnemius affer-

ent fibers and hence limitation of the discharge zone

by nature of connection rather than by absence ot

connection. In this instance the factor involved ap-

parently is quantitative rather than qualitative (64).

A classical example of local sign, or reflex frac-

tionation, is provided by flexion reflexes (16) which

in all of their pathways involve internuncials (54).

However set into action, the flexion reflex is not

confined to a single flexor muscle nor to the synergist

flexor muscles of a given joint but in \-aried intensity

extends to the muscles of hip, knee and ankle. Table

I exemplifies the argument. In it the tensions de-

livered by flexor muscles of the several joints are

expressed as percentages of the strongest contraction,

and the plurimuscular reflexes elicited by stimulation

of each of three afferent nerves are represented. A
study of table i will convince one that the limb left

to itself would assume different final positions de-

pending upon the afferent nerxe stimulated.

From the foregoing one may infer something of

Hip Flexor
(Tens. Fasciae

Fem.)
%
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FIG. 8. Electrical (f) and mechanical (ml records of re-

sponses by the tibialis anterior muscle. Time, lo msec, (a)

Flexor reflex response to single shock stimulation of popliteal

nerve at, presumably, Group II strength, (i) Maximal motor

twitch elicited by a single break-shock to peroneal nerve, (c)

Flexor reflex response obtained employing a strong stimulus

(probably including Group III afl'erent fibers) to the popliteal

nerve. [From Creed et al. (15).]

of motor nerve impulses this definition encountered

difficulties. To exemplify: the 'single-shock" flexor

reflex of figure 8a is essentially like the motor twitch

recorded in figure Qh. One would not have said that

the reflex displayed after-discharge and yet it is now

known that the flexor reflex motor nerve impulses in

just this situation are dispersed over 10 or more

msec, greatly outlasting the external stimulus or the

(virtually synchronous) afferent volley caused by it.

The flexor reflex to stronger stimulation displayed in

figure Qc would be said to show after-discharge. It is

now known (88) that participation of Group III

(delta) afferent fibers in the afferent \olley is the

condition for securing the reflex of figure 8r. After

repetitive stimulation, contraction may continue for

long periods. The fact has provoked much specula-

tion as to the mechanism. Forbes (25) postulated

'long delay paths,' which is to say internuncial

chains, as the mechanism, others an enduring state at

the motoneuron. The best operational definition of

after-discharge today would regard it as a discharge

resulting from the arrival of presynaptic impulses but

not immediately dependent upon the continued ar-

rival of such impulses. So defined, after-discharge

has been demonstrated in sympathetic ganglia (11)

and may occur in the central nervous system.

M TTT

FIG. 9. Diagrams of the two fundamental patterns of inter-

nuncial circuits according to Lorente de No. M, multiple

chain. C, closed chain. [From Lorente de No (71).]

Most of the delayed discharge encountered in the

spinal cord can be traced to continued arrival at

the motoneurons of internuncial impulses. The
internuncial net then is a mechanism for temporal

dispersion as well as spatial diffusion of action. The
organization of interneurons to this end is next con-

sidered.

Multiple and Closed Internuncial Chains

The internuncial systems are not only divergent

and convergent in connection but also are linked in

other manners made possible h\ the fact that they

form chains of varying numbers of links. According

to Lorente de No (70, 71) the infinitely complex

internuncial paths of the central nervous system can

be reduced, for sake of argument, to patterns, in

repetition and combination, of two fundamental

types of circuits—the multiple chain {M in fig. 9) and

the closed chain (C in fig. 9). The closed chain is in

essence the structure postulated by Forbes in his

delay path hypothesis and liy Ranson & Hinsey

(82).

Temporal Characteristics uf Action Through

Internuncial Chains

Figure 1 o illustrates the manner in which moto-

neurons respond under the influence of internuncial

barrage set in action by stimulation of a cutaneous

nerve at incrementing intensities (62). The behavior

exemplified is that to be expected of a multiple

chain type of internuncial organization [cf. Lorente

de No (70, 71 1]. Although the afferent input to the

internuncial net is synchronous, the product of the

internuncial action is dispersed over 6 or 7 msec.

The subliminal influence exerted through the chain,

which is evaluated by monosynaptic reflex tests of

motoneuron excitability, begins earlier than and

far outlasts the period of discharge. Thus it may be

said that the paths of intermediate length in the

chain are more powerful than those of lesser or
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greater length. Figure lo clearly shows another fea-

ture of chain activity; as input increases, the reflex

progressively prefers the shorter paths. In a study of

single motoneurons subjected to the same experi-

mental conditions, Alvord & Fuortes (2) have shown

that an individual motoneuron will respond with

progressively diminishing latency and that it rarely

responds more than once in the course of the inter-

nuncial bombardment, whatever may be the actual

latency of the response it does yield. Thus there is

clear proof that the paths of various lengths do in

fact converge upon the individual motoneurons, as

supposed in the diagram of figure gA/, and that

increment in the early response may take place at the

expense of later response by reason of refractoriness.

Reflex discharges, transmitted through internun-

cial chains, are frequently less simple than those

recorded in figure lo. Employing the same aflferent

source, namely the sural nerve, or a comparable

source, the course of excitability change in the motor

nucleus (55, 59) and the motoneuron discharge re-

sulting from internuncial activity display two or

even three peaks (7, 54). Figure 11 illustrates the

effect; it is from an experiment entirely comparable

to that from which figure 10 was taken. It is seen

that the two groups of discharges grow more or less

in parallel with incrementing stimulation. The first

peak of discharge compares with the total discharge

in figure 10. Although there is no rigorous proof, it

is generally considered that discharges of this char-

acter may indicate the operation, within the inter-

nuncial system, of closed chains. Recently an impor-

tant and detailed study of the exact behavior of

interneurons in a variety of circumstances has been

commenced by Kolmodin & Skoglund (43) em-

ploying direct recording and a statistical approach.

This eventually will provide a much needed direct

picture of internuncial organization.

REFLEX ACTION OF MUSCULAR ORIGIN

Monosynaptic Myotatic Reflex

An important datum concerning the monosynap-

tic reflex elicited by stimulating the Group I afferent

fibers of a given muscle nerve is that the reflex dis-

charge returns to that nerve (flg. 12), which is to

say to the muscle from which the aff"erent fibers con-

cerned originate (54) and in all usual circumstances

not to other nerves (64). In this the monosynaptic

reflex has the quality of the myotatic reflex (52, 94)

which fact led to the hypothesis that the inonosynap-
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FIG. 12. Monosynaptic reflex response obtained by a single

shock stimulation of, and by recording from, the tibial nerve.

Following break in the recording there is seen in A the tail of

the action potential conducted directly from stimulating to

recording leads and, approximately 4 msec, later, the mono-

synaptic reflex volley. In B the reflex volley is lost following

severance of appropriate dorsal roots. [From Lloyd (59).]

FIG. 13. Proof of stretch origin of monosynaptic reflex. A.

Afferent response evoked by stretch of gastrocnemius and re-

corded from the first sacral dorsal root at a gi\en point. B.

Segmental monosynaptic reflex evoked by stimulation at that

same point on the dorsal root and recorded from the first sacral

\entral root at a given point. C Reflex response evoked by

stretch of gastrocnemius recorded from that point on the ven-

tral root. The sum of the latencies in A and B approximates

that in C, hence response C is monosynaptic. [From Lloyd (59).]

to realize that the natural reflex operates under

closed circuit conditions permitting 'feedback' (32),

whereas the monosynaptic reflex is usually observed

under open loop conditions.

Many studies have been made of tendon jerk and

myotatic reflex latency (cf. 52, 55) and its brevity

has been conceded generally. It was often thought of

as monosynaptic; and indeed on a basis of latency,

the tendon jerk was even thought to be an idiomuscu-

lar reaction dependent only upon muscle tone which

was in turn dependent upon intact reflex connections.

Not until exact measurements of synaptic delay (71)

and of conduction time were availaijle was it possible

to prove the exact manner of central connection.

Monosynaptic Reflex Relations Between Synergists

As has been noted, the field of action of a mono-

synaptic reflex is limited by anatomical limitation of

monosynaptic connection established by any given

afferent fiber source. As a generality, there is no

monosynaptic excitatory connection between muscles

that act upon different joints. Thus quadriceps and

gastrocnemius, or biceps and tibialis anterior, are

without monosynaptic reflex interconnection (50).

There is, however, between two muscles or two frac-

tions, or heads, of a muscle that act in concert upon a

given joint, established monosynaptic reflex connec-

tion. In usual circumstances monosynaptic reflex

afTerent impulses from one muscle or head of such a

pair facilitate action by the motoneurons of the other

(cf. fig. 14) but do not discharge those motoneurons.

The difference between homonymous connections

(those between the afferent fibers and motoneurons of

a single muscle) that transmit readily and heterony-

mous connections (those between synergists) that do

not transmit readily are essentially quantitative (64,

68) and appear to result from differences in number

and aggregation of individual active synaptic contacts

(knobs) (38).

Heteronymous monosynaptic reflex transmission

will take place to a small degree in several experi-

mental circumstances: during the period of increased

response following a high frequency stimulation called

posttetanic potentiation (fig. 15), during repetitive

stimulation at frequencies between approximately 60

and 1 50 or more per sec . ( i )
, if a high degree of ' back-

ground activity' is present as in well-developed de-

cerebrate rigidity (i) or in long spinal reflex action

(67, 68), and in the chilled preparation (64).

The muscles bound together by excitatory mono-

synaptic connection in common action at a joint con-

stitute a synergic unit; thus the parts of the triceps

surae (soleus, inedial and lateral gastrocnemius) form

such a unit as do the biceps femoris posterior and

semitendinosus (fig. 14).

Monosynaptic Reflex Relations Between Antagonists

Monosynaptic reflex action of afferent fibers upon

motoneurons is not limited to excitation. There are

inhibitory connections (57, 58) and, as in the case of

excitation, the field of inhibitory monosynaptic action

is limited by anatomical limitation of connection. The

monosynaptic reflex afferent fibers from a muscle of

a given joint inhibit action by the motoneurons of its

direct antagonist at that joint but not of those acting

at other joints (fig. 16). Thus the tibialis anterior and

triceps, flexor and extensor of the ankle, respectively,

are linked by inhibitory interconnection as are the

quadriceps and biceps of the knee, whereas the mus-

cles of the ankle and of the knee are independent in

inhibitory monosynaptic action as in excitatory.
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10 12 Msec.

FIG. 14. A. Monosynaptic reflex facilitation of monosynaptic reflexes pertaining to one head of

gastrocnemius by Group I afferent volleys engendered in the nerve to the other head. B. Monosyn-

aptic reflex facilitation of monosynaptic reflex of biceps femoris posterior by Group I afferent volleys

from its synergist, semitendinosus. [From Lloyd {59).]

/N
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Concf/il of Myotdlic Unit

The outstanding feature of the myotatic reflex

pathways, excitatory and inhibitory', is that the

afiferent fibers connect directly with the motoneurons.

The functional meaning of this fact is that the moto-

neurons inevitably are influenced whenever the mus-

cle spindles generate impulses in the Group IA afferent

fibers arising within them. In this the myotatic reflex

differs seemingly from all others. One can see readiU

that individual muscles could be isolated from in-

fluence of all other sorts by inhibition of the inter-

nuncial links interposed between the afferent influx

and the motoneuron. They cannot be isolated from

the self-engendered postural influence. Reflex stand-

ing (94) involves the play of a number of stretch re-

flexes so that the entire limb is held in the face of

gravity. But if, for purpose of argument, one were to

conceive of gravity acting upon but a single muscle,

say the medial gastrocnemius, the influence would

indeed be felt by the motoneurons of that muscle,

but also action by the lateral gastrocnemius and

soleus would be facilitated and by the tibialis anterior

and extensor longus, the antagonists, would be de-

pressed. Other muscles would remain uninfluenced.

Let the gravity play upon the tibialis anterior alone

and the situation would be reversed. The muscles at a

given joint are mutually dependent at the myotatic

level of postural performance in the sense that none

can be influenced independently of the others. Such a

group of mutually dependent muscles together with

the monosynaptic reflex connections that bind them

constitute a myotatic unit (58).

Lengthening Reaction or Inverse Myotatic Reflex

If weak conditioning volleys in the nerve to one

fraction of a synergic unit are employed in conjunc-

tion with testing monosynaptic reflexes engendered

by stimulating the nerve to the remainder of the

synergic unit, simple facilitation curves of the sort

illustrated in figure 14 usually can be obtained (20,

35, 50, 57, 58). On strengthening the conditioning

volleys, the action still being confined to Group I

afferent fibers, a sudden break in the direction of in-

hibition occurs, as exemplified b\- the difference be-

tween curves A and B to the left of figure 17. A la-

tency diiTerential of approximately 0.6 msec, between

facilitatory and inhibitory action bespeaks the exist-

' The notion that monosynaptic inhibitory pathways arc

monosynaptic is not universally conceded at the present time

(22). This question is discussed in another connection.

ence of an internuncial relay in the inhibitory path.

It may be noted that inclusion of the Group II fibers

in the conditioning acli\ity brings forth the further

change with still longer latency [characteristic for

Group II action (cf. fig. 19)] indicated by curve C.

Initial divergence from the simple facilitation is al-

ways inhibitory. The further change denoted by curve

C is inhibitory in an extensor nucleus Ijut facilitatory

in a flexor nucleus.

The Group I inhibitory action in a synergic unit

is due to action by the Group IB fibers and has all the

proper attributes for designation as an expression of

the lengthening reaction. It is concluded that this

reaction is inediated through a disynaptic reflex path-

way. In line with these results and conclusion Granit

(31 ) has shown that large afferent fibers are concerned

with autogenic inhiljition (i.e. inhibition within the

synergic unit), and McCouch et al. (75) have observed

inhibition of the quadriceps by electrical stimulation

of the crureus tendon whereiit would lie Golgi tendon

organs.

Associated with the lengthening reaction is an exci-

tation of antagonists. To the right of figure 17 one

sees in curve A the simple inhibition of an antagonist

due to Group lA action. In curve B the course of that

inhibitory action is interrupted by an excitatory action

that is the precise counterpart of Group IB inhibition

within the synergic unit. To complete the experi-

mental series, curve C illustrates the additional in-

hibitory influence of including the conditioning action

of the Group II fibers.

The lengthening reaction thus appears to be but

one aspect of action of a reflex mechanism that is pre-

cisely opposed to that of the myotatic reflex mech-

anism and differing from it in central organization

only in the matter of possessing an internuncial relay.

For this reason the over-all reaction is appropriately

termed the inverse myotatic reflex.

A disynaptic inhibitory connection exists between

certain muscles that are not co-members of a myotatic

unit (fig. 18). For this no associated excitatory action

has been found. The function of these connections is

not understood, although their existence accounts for

the inhibition of certain muscles concomitant with

elicitation of a tendon jerk in others, a phenomenon

described by Denny-Brown (17).

Stretcli Flexor Reflex

Stimulation of muscular afferent fibers in the Group

II and Group III bands produces effects in the pattern

of the flexor reflex. Because of Hunt's study (37) of
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FIG. 21. Fle.Nor reflex discharges provoked by stimulation of Group II and Group III afferent

fibers in cutaneous and muscle nerves. A, B. Stimulation of the sural (cutaneous) nerve at Group II

strength. C, D. Stimulation of the sural nerve at Group III strength. E. Blank sweep. F. Stimulation

of the gastrocnemius ner\"e at Group II strength which, in this experiment, secured no reflex dis-

charge. G, H, 1. Stimulation of the gastrocnemius nerve at Group III strength. .\\\ recordings from

the peroneal nerse which supplies the pretibial flexors and dorsiflexors of the digits. [From Lloyd

(54)-]

the source of Group II acti\ity aroused by natural

stimulation be a flexor or an extensor muscle. Further-

more, the degree of stretch necessary to provoke

action of this system is so small as not conceivably to

be painful. Hence the Group II flexor reflex or muscu-

lar origin seems indeed to be concerned with reflex

regulation of posture and movement rather than re-

action to painful stimulation.

Group III Flexor Reflexes

.Stimulation of Group III muscle aff'erent fibers

provokes a flexor reflex (54), an example of which is

seen in figure 21 G, H, I. The precise function of these

fibers has not been established (37), but it is a reason-

able assumption that they are nociceptive, in which

case the Group III flexor reflexes would be true noci-

ceptive withdrawal reflexes.

REFLEX ACTION OF CUTANEOUS ORIGIN

According to inspection (95) and myographic

analysis the dominant reflex pattern elicitable by

stimulation of the skin, or of cutaneous nerves, is one

of ipsilateral flexion and contralateral extension (30).

Exceptions to the rule exist (19, 26, 89) and there are

in observation of the dominant reflexes evidences of

the existence of concealed reflexes (15, 96).

Low and High Threshold Flexor Reflexes

Fibers in both the Group II band (i.e. alpha and

beta fibers) and the Group III band (i.e. delta fibers)

on stimulation give a flexor reflex result in the ipsi-

lateral limb (fig. 21, A-D). The minimum anatomical

pathway for these reflexes contains one internuncial

relav. The two sorts of flexor reflex differ somewhat in

character. Presence or absence of after-discharge, as

was noted briefly in connection with figure 8, was

found by Tureen (88) to depend upon whether or not

the delta (i.e. Group III) fibers were stimulated. In

a more recent study. Brooks & Fuortes (13) have

confirmed the difference between the response to

'weak' and "strong" stimulation with respect to after-

discharge. Although they did not identify the afferenl

fibers concerned, their weak stimulation may be pre-

sumed to have stimulated Group II and their strong

stimulation to have embraced Group III (fig. 22).

Their belief that the entire Group II reflex might be

monosynaptic was not .substantiated Ijy the later

study of Alvord & Fuortes (2), which latter is in agree-

ment with the generality that flexor reflexes are

polysynaptic. Brooks & Fuortes made the important

observation that the 'weak' stimulus in single shock

circumstances did not bring about an organized with-

drawal of the limb whereas the 'strong' stimulus did.

The former, yielding "an inconspicuous twitch" is

considered to express ""a very simple and unorganized

reflex property of the spinal cord . . . while the after-
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FIG. 21. Ventral root potentials resulting from single shock

stimulation of an ipsilateral cutaneous nerve. The recording

leads were arranged so that electrotonic potentials extending

into the root from central structures as well as impulse dis-

charges were recorded. A. Weak stimulus (possibly of Group

II) 'Viot followed by after-discharge. B. Stronger stimulus

(possibly of Group III) resulting in withdrawal of the limb and

marked after-discharge. [From Brooks & Fuortes (13).]

4^u^u-u-ij[jl4i-vUu4.-^44A

Skin pinched,
dorsal aspect of leg.

^_;_;^^,^^ tec

Same, ventral aspect

FIG. 23. Conditioning inliuence upon monosynaptic reflex

of the gastrocnemius, an ankle extensor, of "pinch" stimuli

applied to various points on the skin of the hind limb. The

upper record in .-1 shows enhancement of rhythmically elicited

monosynaptic reflexes when the crosshatched area, as repre-

sented in B, was stimulated. The lower record in A shows inhibi-

tion when other areas of the limb were stimulated. In B, -\- and

— indicate areas facilitating and inhibiting the extensor test

reflex. [From Hagbarth (34).]

discharge is the correlate of elaborated reflex activity

capable of giving rise to organized and purposeful

movements." This concept is not very clear, the more

so because Tureen's (88) repetitive stimulation at

Group II strength produced a better maintained con-

traction (without after-discharge) than did the

stronger stiinulation which revealed evidence of

'concealed inhibition' followed by after-discharge.

Because natural reflexes would surely be evoked by

repetitive activity one cannot agree that the Group

II flexor reflex pathways would not represent a mech-

anism for organized purposive reflex action.

Because there is no positive information concerning

the upper limit in diameter of "pain" fibers (28), one

cannot state dogmatically that the Group II reflex

is not a nociceptive reflex; but it seems improbable.

The Group III reflex, on the contrary, cannot incon-

testibly be considered a nociceptive reaction; but

'pain' fibers aie concentrated in this group and in the

C fiber group, .so that the likelihood in this instance is

great.

Special Effects From Specific Regions

Many exceptions to the rule of ipsilateral flexion

exist (26, 34, 91, 96) either as responses of extension

or in the form of concealed reflexes. The extensor

thrust (89) is a well-known example. It is elicited by

pressure between the toe pads. The afferent fibers for

this reflex are restricted to the plantar nerves (89),

but stimulation of the plantar nerves themselves in-

duces a flexor reflex despite the necessary presence

within them of fibers that cause ipsilateral extension.

A systematic basis for some of the mixed effects

elicitable by stimulation of cutaneous nerves has been

put forward recently by Hagbarth (34) who utilized

monosynaptic reflexes of various muscles as test sys-

tems and conditioned these with action initiated not

by electrical stimulation but by pinching the skin at

various loci. Such stimulation applied over most of

the limb facilitated the flexor monosynaptic test re-

flexes and inhibited the extensor tests. However, a

flexor monosynaptic reflex test was inhibited rather

than facilitated if a skin area over its antagonist was

stimulated, and an extensor test was facilitated rather

than inhibited when the skin overlying the extensor

itself was stimulated. This latter observation is ex-

emplified in figure 23. The rule then is that the skin

area over a given antagonist pair, unlike the re-

mainder of the skin of the limb, is for that pair re-
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FIG. 24. Crossed conditioning of flexor reflexes by Group II

and Group III aff'erent libers. Test reflex recorded from the

semitendinosus and elicited by stimulation of the peroneal

nerve. Contralateral conditioning by volleys in the tibial nerve

at two strengths. These conditioning volleys produced ipsilater-

ally the reflexes shown in the iiisel. Hollow circles, crossed condi-

tioning of flexor reflex by the weaker volleys; solid circles, by

the stronger volleys. The essential distinction is the powerful

crossed inhibition of the flexor motoneurons by Group III

afferent fiber action. [From Perl (78).]

ceptive for an ipsilateral extensor reflex rather than a

flexor reflex.

Crossed Reflexes of Cutaneous Origin

The classical crossed reaction of the decerebrate

preparation is the so-called crossed extensor reflex.

Immediately after spinal section the overt contra-

lateral response is flexion which is after a period of

time replaced by extension (76). There are, therefore,

crossed excitatory connections to both flexor and ex-

tensor motor nuclei, although with change of state

one end result may predominate. The nature of these

connections, at least as they are thrown into action

from cutaneous sources, has been clarified to some

extent by Perl (78).

When Group II afferent fibers are stimulated, the

action of crossed knee and ankle flexor motoneurons

is facilitated (fig. 24, open circles) and discharge

occurs occasionally. If the Group III fibers be active

as well, there is no significant change in flexor facilita-

tion; but a prolonged period of inhibition follows

(flg. 24, filled circles).

In an extensor nucleus little effect, and that in the

direction of inhibition, is encountered as a conse-

quence of stimulating contralateral Group II fibers

(fig. 25, open circles). Once Group III fibers are stim-

ulated there is an enduring facilitation (fig. 25, filled

circles) of the crossed extensor motoneurons which is

fully comparable to the inhibition of crossed flexors

caused by similar stimulations.

20 40 60 60 100 120 140 160

(m sec)
INTERVAL BETWEEN STIMULI

FIG. 25. Crossed conditioning of quadriceps monosynaptic

reflexes by afferent \olleys of two strengths applied to the

saphenous nerve. Inset shows monitor records of the conditioning

afferent activity. Hollow circles, effect of the weaker crossed

saphenous afferent \olleys. Solid circles, strong facilitation of the

extensor motoneurons by the action of crossed saphenous

Group III fibers. [From Perl (78).]

If now one considers these contralateral effects to-

gether with the ipsilateral eff'ects discussed earlier, it

is seen that Group II aflferent fibers of cutaneous

origin in action set in motion a bilateral flexor reflex.

What may be its functional role is not clear, largely

it may be said because the receptor origin is not clear.

Nevertheless, the machinery for this bilateral flexor

response is present and the response itself probably is

not a nociceptive reaction. On the contrary, origin

and nature of the Group III response, flexion ipsi-

laterally, extension contralaterally, is sufficiently

elaborated as to leave little doubt that Group III

aff'erent fibers are responsible for the classical reflex

couplet of the nociceptive flexor reflex and the reflex

of crossed extension (30)

.

Reflex Effects of l^nmyelinated Afferent Fibers

Reflex function of the unmyelinated, or C fibers,

was first demonstrated unequivocally by Clark et al.

(14) who described respiratory and arterial pressure

changes consequent to stimulation of them.

In the cat, Laporte cS: Boer have encountered in

ventral roots of the lumbar enlargement a prolonged

reflex discharge due to the stimulation of C fibers

(49). In a more complete study of "C fiber reflexes' in

batrachians, Laporte (46) and Laporte & Boer (48)

have shown that the reflex discharge is directed into

flexor muscles and that ipsilateral extensors are in-
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hibited; they conclude from this that the reflex action

represented is nociceptive. Pain being heavily repre-

sented in the C fiber bands in mammals (28), it is a

fair assumption that the reflex in mammals too is

nociceptive in nature.

SPINAL ORGANIZATION FOR REFLEX CONTROL

OF MIDLINE STRUCTURES

Most of that which is known of spinal refle.x organi-

zation has to do with those regions innervating the

limbs. At the caudal end of the spinal cord, specifically

the last sacral and caudal segments, reflex control is

concerned with mid-line structures conspicuous

among which, in the cat, is the tail. The terminal

segments of the spinal cord have a structure differing

from that characteristic of the enlargements (81 ), the

principle distinguishing features being the presence of

a large dorsal mid-line nucleus, or 'broadening of the

dorsal gray commissure' (83) and the decussation of

primary afferent fibers (97).

The terminal segments display special organization

from a functional point of view to match the structural

specialization (98). Some aspects of this are illustrated

in figures 26 and 27. Records A, B and C of figure 26

show the ipsilateral result, recorded on the third sacral

ventral root, of stimulating the third sacral dorsal

root. At the weakest strength A a monosynaptic post-

synaptic potential is recorded. Stronger stimulation,

still at Group I strength, brings out a monosynaptic

reflex discharge B. Still stronger stimulation evokes,

in addition to the monosynaptic reflex which in this

experiment is further augmented, a prominent di-

synaptic reflex C which is nearly as synchronous in

character as is the monosynaptic reflex. Only at this

last strength of stimulation does any change occur in

consequence of stimulating the contralateral root. It

consists of a postsynaptic potential of latency 0.8 to

i.o msec, longer than that recorded following ipsi-

lateral stimulation D, from which fact a disynaptic

pathway is postulated. Conjoint stimulation of con-

tralateral dorsal root at the strength employed for

record D and of ipsilateral dorsal root at a strength

that evokes a monosynaptic refle.x record E, the stim-

uli being synchronous, produces the result recorded in

record F. The monosynaptic reflex usually is inhiijited,

and by a disynaptic convergence a large disynaptic

reflex is realized. There is, therefore, a convergence

upon the motoneurons of ipsilateral excitatory and

contralateral inhibitory connections from Group I

primary afferent fibers. Also there is an internuncial

nucleus that receives excitatorv connections from

FIG. 26. Ipsilateral

and contralateral post-

synaptic potentials and
reflex discharges in the

third sacral segment.

Complete description in

text. [From Wilson &
Lloyd (98).]

primary aff'erent fibers of both sides and which in

turn relays to the motoneurons. There is as yet no in-

formation as to the location of this internuncial nu-

cleus, but it is not unlikely that the dorsal mid-line

nucleus, peculiar to the region, is responsible for the

powerful bilateral disynaptic relay which likewise is

peculiar to the region.

The third sacral segment provides a unique svstem

for determining unequivocally the nature of the direct

inhibitory pathway between primary aflferent fibers

and motoneurons. This type of connection was origi-

nally described (53, 57) as being monosynaptic, a view

that has been attacked vigorously (22) and the pres-

ence of an 'inhibitory interneuron' postulated in

order to simplify the nature of a chemical hypothesis

of excitation and inhibition. Conclusion as to the

presence or absence of this postulated interneuron

depends upon interpretation of the time relations

between conditioning inhibitory activity and testing

excitatory activity, or upon latencies for production

in motoneurons of excitatory and inhibitory post-

synaptic potentials. It is evident that most of the sys-

tems for study of inhibitory action in inonosynaptic

reflexes are not satisfactory, with uncertainties as to

longitudinal conduction in the cord and, indeed, as

to what to measure being difficulties. The bilateral

system of the third sacral segment obviates all these

difficulties for one can dispense with all questions of

conduction in the pathways to the motoneurons. To
achieve this, it is necessary only to observe the mono-

synaptic reflexes of both sides simultaneously and to

vary the relation between the afferent volleys in such
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FIG. 27. Simultaneous condi-

tioning effects upon the mono-

synaptic reflexes of the two sides

of the third sacral segment

caused by the Group I afferent

\olleys employed to elicit those

reflexes. Open symhols, mean

amplitude of monosynaptic re-

flexes on one side. Closed symbols,

mean amplitude of monosynap-

tic reflexes on the other side.

Triangles and circles represent

independently made observa-

tions by the two authors. Fur-

ther description in text. [From

Wilson & Lloyd (98).]
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a way that one of them initially antecedes, then co-

incides with and finally trails the other. Figure 27

illustrates the result of four such experiments. If the

latency for inhibition were longer than that for excita-

tion, which it is conceded would necessarily be the

case if the inhibitory path contained an interneuron

in series, there would be a period on either side of

synchrony during which neither reflex would be in-

hibited. Making every possible allowance, that period

would amount to a minimum of 0.2 to 0.3 msec, on

either side of synchrony. From the results in figure 27

the only possible conclusion is that the inhibitory

pathway, like the excitatory pathway, is monosyn-

aptic. It is evident, therefore, that the chemical

hypothesis in its present form is not adequate to ac-

comodate the facts.

Unfortunately the exact peripheral origin of the

afferent fibers concerned in the monosynaptic and

disynaptic pathways of the lower sacral and caudal

segments is not known. The monosynaptic pathways

presumably serve for reciprocal innervation of the

lateral tail muscles.

R E F E R E N C: E S

1. Alvord, E. C. .and M. G. F. Fuortf.s. J. Physiol. 122: 302,

'953-

2. Alvord, E. C. and M. G. F. Fuortes. J. P/ivsiol. 123: 251,

•954-

3. Amassian, v. E. and J. L. DeVito. Fed. Proc. 15: 3, 1956.

4. Bard, P. Harvey Lectures 14: 143, 1938.

5. Barker, D. Quart. J. Microsc. Sc. 89 : 1 43, 1 948.

6. Barron, D. H. and B. H. C. Matthews. J. Physiol. 92

:

276, 1938.

7. Bernhard, C. G. J. .Keurophysiol. 8: 393, 1945.

8. Bernhard, C. G. Acta physiol. scandinav. 29: Suppl. 106,

'953-

9. Bradley, K. and J. C. Eccles. J. Physiol. \22: 462, 1953.

!0. Brock, L. G., J. C. Eccles and \V. Rall. Proc. Roy. Soc,

London, ser. fi 138: 453, 195 1.

I I . Bronk, D. \V. J. Neurophysiol. 2 : 380, 1 939.

L2. Brooks, C. McC. and J. C. Eccles. J. Neurophysiol. 10:

251. '947-

13. Brooks, C. McC. and M. G. F. Fuortes. Brain 75: 91,

1952-

14. Clark, D., J. Hughes and H. S. Gasser. Am. J. Physiol.

114: 69, 1935.

15. Creed, R. S., D. Denny-Brown, J. C. Eccles, E. G. T.



SPINAL MECHANISMS INVOLVED IN SOMATIC ACTIVITIES 949

LiDDELL AND C. S. SHERRINGTON. Refiex Activity of the 56.

Spinal Cord. Oxford: Clarendon Press, 1932- 57-

16. Creed, R. S. and C. S. Sherrington. Proc. Roy. Soc, 58.

London, ser. B 100: 258, 1926. 59.

ly. DENN^-Brown, D. Proc. Roy. Sot:. London, ser. B 103; 321,

1928. 60.

18. Dennv-Brown, D. E. AND E. G. T. Liddell. J. Physiol. 63:

144, 1927. 61.

ig. Denny-Brown, D. E. and E. G. T. Liddell. J. Physiol. 65: 62.

305, 1928. 63.

20. Eccles, J. C. J. .\europhysiol . 9: 87, 1946.

21. Eccles, J. C. Arch sc. physiol. 3: 567, 1949. 64.

22. Eccles, J. C, P. Fatt and S. Landgren. J. .Veurophyswl.

9: 75. '95^- 65-

23. Eccles, J. C. ."ind C. S. Sherrington. Proc. Roy. Soc,

London, ser. B 106: 326, 1930. 66.

24. Erlancer, J. and H. S. Gasser. Am. J. Physiol. 92: 43,

1930. 67.

25. Forbes, A. Physiol. Ren. 2: 361, 1922.

26. Forbes, A., H. David and E. Lambert. Am. J. Physiol. 95: 68.

142, 1930.

27. Fulton, J. F. and). Pi-Suner. J. Physiol. 83:554, 1928. 69.

28. Gasser, H. S. A. Res. .Nerv. & Ment. Dis., Proc. 23: 44, 1943.

29. Gasser, H. S. and H. Grundfest. Am. J. Physiol. 127: 393, 70.

1939

30. Graham Brown, T. and C. S. Sherrington. J. Physiol. 71.

44: 125, 1912. 72.

31. Granit, R. J. .Neurophysiol. 13: 351, 1950. 73.

32. Granit, R. Receptors and Sensory Perception. New Haven: 74.

Yale Univ. Press, 1955. 75-

33. Granit, R. and G. Strom. J. .Neurophysiol. 14: 113, 1 95 1

.

34. H.^gbarth, K. E. .tela physiol. scandinav. 26: .Suppl 94, 1952. 76.

35. Hagbarth, K. E. and K. N.aess. Acta physiol. scandinav. 21 :

336, 195'- 77-

36. Hunt, C. C. Proc. igth Internal. Physiol. Congr. 1953, p. 485.

37. Hunt, C. C. J. Gen. Physiol. 38: 117, 1954. 78.

38. Hunt, C. C. J. Gen. Physiol. 38: 813, 1955. 79.

39. Hunt, C. C. and S. W. Kuffler. J. Physiol. 1
1
3 : 283, 1 95 1

.

80.

40. Hunt, C. C. and S. W. Kuffler. J. Ph.ystol. 113: 298, 1951- 81.

41. Jefferson, A. and A. Benson. J. .Neurophysiol. 16: 381,

1953- 82.

42. Job, C. Arch. ges. Physiol. 256: 391, 1953. 83.

43. KoLMODiN, G. M. and C. R. Skoglund. Experientia 10: 84.

505. '954- 85-

44. Kuffler, S. W. and C. C. Hunt. .1. Res. Nerv. & Ment.

Dis., Proc. 30: 24, 1950. 86.

45. Kuffler, S. VV., C. C. Hunt and J. P. Quilliam. J. 87.

Neurophysiol. 14: 29, 1951. 88.

46. Laporte, Y. J. physiol., Paris 45: 150, 1953. 89.

47. Laporte, Y. and P. Bessou. Compl. rend. Soc. de biol. In 90.

press. 9 1 •

48. Laporte, Y. and A. Boer. J. physiol., Paris 46: 873, 1954.

49. Laporte, Y. and A. Boer. Compt. rend. Soc. de biol. 148: 92.

793. 954- 93-

50. Laporte, Y. and D. P. C. Lloyd. Am. J. Physiol. 169: 609, 94.

1952- 95-

51. Leksel, L. Acta physiol. scandinav. 10: Suppl. 31, 1945.

52. Liddell, E. G. T. and C. S. Sherrington. Proc. Roy. Soc, 96.

London, ser. B 96: 212, 1925.

33. Lloyd, D. P. C. J. Neurophysiol. 4: 184, 1941. 97.

54. Lloyd, D. P. C. J. Neurophysiol. 6: 293, 1943. 98.

55. Lloyd, D. P. C. J. Neurophysiol. 6:317, 1943.

Lloyd, D. P. C. Physiol. Rev. 24 : i , 1 944.

Lloyd, D. P. C. J. Neurophysiol. 9: 421, 1946.

Lloyd, D. P. C. J. .Neurophysiol. 9: 439, 1946.

Lloyd, D. P. C. A. Res. Nerv. & .Ment. Dis. Proc. 30: 48,

950-
Lloyd, D. P. C. In: Textbook of Physiology, edited by J. F.

Fulton. Philadelphia: Saunders, 1955, p. 43.

Lloyd, D. P. C. Exper. Cell. Res. In press.

Lloyd, D. P. C. J. Gen. Physiol. 41 : 297, 1957.

Lloyd. D. P. C. and H. T. Chang. J. .Neurophysiol. i i : 199,

1948.

Lloyd, D. P. C, C. C. Hunt and A. K. McIntyre. J.
Gen. Physiol. 38: 307, 1955.

Lloyd, D. P. C. and .•\. K. McIntyre. J. Gen. Physiol. 32:

409, 1949-

Lloyd, D. P. C. and A. K. McIntyre. J. .Neurophysiol. 13:

39. 1950-

Lloyd, D. P. C. and A. K. McIntyre. J. Gen. Physiol. 38:

771. igs.")-

Lloyd, D. P. C. and A. K. McIntyre. J. Gen. Physiol. 38

:

789. 1955-

Lloyd, D. P. C. and V. J. Wilson. J. Gen. Physiol. 40: 409,

'957-

LoRENTE DE N6, R. A. M. A. Arch. Neurol. & Psychiat. 30:

245. '933-

Lorente DE No, R. J. .Neurophysiol. i : 209, 1938.

Matthews, B. H. C. J. Physiol. 61 ; 64, 1931.

Matthews, B. H. C. J. Physiol. 62: 153, 1931.

Matthews, B. H. C. J. Physiol. 78: i, 1933.

McCoucH, G. p., I. D. Deering and W. B. Stewart. J.

.Neurophysiol. 13: 343, 1950.

McCoucH, G. P., W. J. Snape and \V. B. .Stewart. .Am. J.

Physiol. Ill: 263, 1 935.

McInt^-re, .\. K. Ptoc. igth Intermit. Physiol. Congr. 1953,

p. 107.

Perl, E. Am. J. Physiol. 188: 6og, 1957.

Philippson, M. Trav. Lab. Inst. Physiol. Bruxelles 7:1, 1905.

Rall, W. J. Cell. & Comp. Physiol. 46: 413, 1955.

Ramon y Cajal, S. Histologic du Systeme Nerveux. Paris:

Maloine, 1909, 191 1.

Ranson, S. VV. and J. Hinsey. Am. J. Physiol. 94: 472, 1930.

Rexed, B. J. Comp. .Neurol. 96: 415, 1952.

Roberts, T. D. M. J. Physiol. 1 17: 5P, 1952.

Rudin, D. O. and G. Eisenmann. J. Gen. Physiol. 37: 795,

I954-

Ruffini, a. J. Physiol. 23: 190, 1898.

Therman, p. O. J. Neurophysiol. 4: 153, 1941.

Tureen, L. L. Proc. Soc. Exper. Biol. S Med. 46: 543, 1941.

Sherrington, C. S. J. Physiol. 30: 39, 1903.

Sherrington, C. S. Ann. Rep. Brit. .4. 74: 728, 1904.

Sherrington, C. S. Proc. Roy. Soc. London, ser. B 79: 337,

1907.

Sherrington, C. S. J. Physiol. 40: 28, 1910.

Sherrington, C. S. Quart. J. Exper. Physiol. 6: 251, 1913.

Sherrington, C. S. Nature, London 13: 732, 892, 929, 1924.

Sherrington, C. S. The Integrative Action of the Nervous

System (2nd ed.). New Haven: Yale Univ. Press, 1947.

Sherrington, C. S. and S. C. M. Sowton. Proc Roy. Soc,

London, ser. B 83: 435, 191 1.

Sprague,J. M. Proc. Roy. .Soc, London, ser. B. 149.534,1958.

Wilson, V. J. and D. P. C. Lloyd. Am. J. Physiol. 187:

641, 1956.





CHAPTER XXX \' II

Central autonomic mechanisms'

W. R. INGRAM
i

State University of Iowa, Iowa City, Iowa

CHAPTER CONTENTS

Introduction

Spinal Autonomic Mechanisms

Anatomical Considerations

Spinal Autonomic Reflexes

Interrelations With Higher Le\els

Spinal Shock

Influence of Distance Receptors

Autonomic Mechanisms of Subdiencephalic Brain Stem

Reticular Formation

Medulla Oblongata and Pons

Circulatory regulation

Control of respiration and allied functions

Other reflexes

Midbrain

Central gray

Control of urinary bladder

Autonomic functions of oculomotor nerve

Diencephalic Autonomic Mechanisms

Anatomy of Hypothalamus

Subdi\*isions of hypothalamus and their nuclei

Afferent connections

Efferent connections

Functional Considerations of Hypothalamus

Body temperature control

Hypothalamicohypophysial relationships

Hypothalamus and Behavior

Sexual behavior

Appetite and obesity

Patterns of emotional behavior

Sleep-waking mechanisms

Other diencephalic relationships

Cerebral and Cerebellar Autonomic Mechanisms

Conclusion

INTRODUCTION

THE jACKSONiAN CONCEPT OF LEVELS of Central nervous

functions has been a very useful one because it has the

' The results of some recent experiments by the author and

his colleagues are briefly touched upon in this paper. This work

was supported by USPHS grant M 375 {C3).

appearance of simplicity, which is illusory, and fur-

nishes a logical basis for exposition. The central or-

ganization of autonomic function is but little different

from the somatic in this regard. Thus segmental pat-

terns exist in the spinal cord and also, so far as cranial

nerves are concerned, extend into the brain stem.

Reflex arcs for autonomic activity are developed at all

these segmental levels, and a certain ainount of local

integration of function is po.ssible. However, for the

greatest benefit of the organism as a whole these seg-

mental activities must be amalgamated, adjusted and

regulated so that the body is maintained in the best

possible condition to respond to the necessities imposed

by the often changing environment. Thus, supraseg-

mental mechanisms have developed in the brain stem,

the hypothalamus, the cerebellum possibly and the

cerebral hemisphere. Here again we see some evidence

of levels, for the medullary 'centers' are concerned

with relatively fundainental things, such as the regula-

tion of cardiac activity, vasomotor control and res-

piration. In the hypothalamus we al.so have forms of

organization which influence these basic functions,

but also much more coinplicated circuits are set up

which may be concerned with certain types of be-

havior, with the consumption of food and with the

various types of general responses to enxironmental

changes which bear sharply upon the individual. The

cerebral mechanisms for autonomic function have de-

veloped along with its somatic functions to a consider-

able extent, as Sherrington pointed out, along with

increased use of distance receptor mechanisms and

with the need for developing total patterns of behavior

which are the best suited for the needs of the bio-

logical type in question. The neopallial and archi-

pallial portions of the hemisphere interact with the

Inpothalamus and even lower regions in the brain

stem, not only to affect autonomic functions but also

to bring these functions into the behavioral structure.

95'
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The autonomic manifestations of an emotion are ex-

ceedingly important since they may enable the in-

dividual to live with that emotion as well as to support

and maintain it. The relationships of an indi\ idual

with his environment and with his fellow beings are

based upon a proper emotional orientation and

suitable modulation of autonomic activity.

It would be impossible to discuss autonomic activi-

ties alone. These are so commingled with somatic as

to require a comprehensive viewpoint. Both auto-

nomic and somatic reflex outflows may be evoked by

common somatic or visceral inputs, and central

autonomic centers may control or modulate both

autonomic and somatic peripheral actis'ities.

SPIN.AL .AUTONOMIC MECHANISMS

Certain autonomic functions proceed in mammals

which have been experimentally deprived of higher

regulatory influences. These functions are relatively

simple, for there is no douijt that loss of connections

with the brain eliminates or greatly modifies the more

complex sorts of autonomic activities. However, study

of these remaining activities in animals which have

been subjected to decapitation or section of the spinal

cord have confirmed that the basic functional organi-

zation of the autonomic portion of the nervous system,

as for the somatic, lies in its reflex arcs. The organiza-

tion of these arcs varies greatly, from simple mono-

synaptic connections between visceral afferent and

visceral efferent neurons to very complex mechanisms

involving many intermediary neurons as well as the

primary afferent and efferent ones. When sufficient

numbers of such units which subserve a common type

of response are grouped at a certain level of the

nervous system such groupings are customarily re-

ferred to as 'centers.' Certainly this term has been of

considerable value in the physiologist's notation, but

as the complexities and vagaries of neural organiza-

tion have revealed themselves, it hardly seems proper

to hold to such a simple concept (74).

Nevertheless, groupings of efferent neurons devoted

to specific autonomic responses do occur in the

spinal cord, and from these the notion of spinal

autonomic centers is derived. These have a fairly

uniform segmental arrangement, similar to somatic

reflex patterns, and correspond roughh' to the seg-

ments of outflow. The visceral afferent neurons, the

cell bodies of which lie in the dorsal root ganglia, are

arranged similarly to the somatic afferents and their

peripheral distribution shows evidence of segmenta-

tion, allowing for developmentally induced displace-

ments of the deep viscera. It is no longer held that

afferent neurons are present in autonomic ganglia,

although a few aberrant ones may at times be found

elsewhere in the ner\e roots and trunks.

Analnmical Considerations

An historical survey of the development of knowl-

edge of the autonomic outflow is not properly a part of

tills chapter; such surveys have been written by

Sheehan (151, 152), Mitchell (121) and Gaskell (59).

However, recognition of the division into thoracic and

sacral outflows contributed much to the knowledge of

central autonomic mechanisms. Workers prior to

1885 were handicapped by Bichat's concept of ani-

malic (concerned with somatic) and organic (con-

cerned with nutritional regulation) systems which

implied an independence of the sympathetic nervous

system in spite of the fact that the rami communicantes

hax'e been kno\vn for many \ears. A number oi

histological and developmental studies culminated in

Gaskelfs work of 1886 (58) in which, as a result of

anatomical and physiological observations, he recog-

nized that the white rami communicantes were re-

stricted in the dog to the thoracic and upper lumbar

regions. Gaskell studied the fiber composition of the

white rami and traced fine myelinated fibers from the

ventral roots through these rami into the sympa-

thetic chain. The association between these fibers and

the unmyelinated fibers emerging from the ganglia

was recognized on physiological grounds, since cardiac

acceleration could be produced by stimulation ol

either. Gaskell found similar fibers in the central roots

of the second and third .sacral nerves and discerned

that these connected with collateral ganglia of tlie

pelvis rather than with the chain ganglia. None of

these preganglionic fibers was found in the cervical

nerve roots. Thus the concept of thoracicolumbar

and sacral divisions was born. Similar preganglionic

fibers were found and traced in certain cranial nerves,

beginning with the spinal portion of the accessory

nerve. Further experimental work by Gaskell and his

co-workers and bv others established the details of

structural and functional differences between the

cranio.sacral and thoracicolumbar divisions of the

autonomic system. Nearly all of this has been more

recently confirmed. Sheehan (152) has examined the

spinal autonomic outflows in man and found that, if

any cervical contribution to the thoracicolumbar

system exists, it must Ije \ery rare indeed. The human

sacral outflow is usually from S3 and S4, with occa-

sional small contributions from S2 or S5.

Our particular interest here lies in the central sta-
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tions of these outflows, the location of the cell bodies

of the neurons giving rise to the preganglionic fibers,

and of so-called internuncial neurons which may

participate in visceral reflex circuits. Gaskell in 1885

noted that the distribution of neurons in the 'lateral

horn' (intermediolateral gray column) corresponded

closely with the distribution of the thoracicolumbar

sympathetic fibers, and he suggested that the cells of

this group gave rise to these fibers. It is interesting

incidentally that Gaskell did not approve the terms

preganglionic and postganglionic. It was his view

that the neurons we are accustomed to call post-

ganglionic (after Langley) were simply shifted from

their original position during development, retaining

their functions and relationships as "effector' or 'motor'

elements, in other phraseology, forming the lower

motor neurons of the sympathetic system. The neurons

of the intermediolateral gray column, then, according

to Gaskell, are "connector" neurons presumably

homologous with similar neurons which may ije inter-

calated between pyramidal tract fibers and the

anterior horn somatic motor neurons. There are

certain merits in this proposal.

The preganglionic spinal neurons are smaller than

the somatic efferent cells and are also multipolar, with

finer and more .scattered chromidia which are es-

pecially concentrated at the periphery of the peri-

karyon. The chromidial pattern is quite variable and

makes the determination of chroma toly tic or otlier

pathological changes difficult and often undependa-

ble. According to Mitchell (121) cells of this type

ha\e been found elsewhere in the cord than in the

intermediolateral column, and an intermediomedial

column has been described. However, in man tliere is

said to be no definite column in the medial part ot

the pars intermedia but simply scattered cells of this

type. Although some of these cells may simply be

intercalated neurons devoted to other functions, it

would not ije surprising if there were some variable

scatter from the lateral column. Mitchell also makes

a point of mentioning that autonomic type neurons

ha\e l)een descrilied in the dorsolateral portions of the

anterior gray columns in the cer\ical region and

stresses the pro.ximity of these neurons to the spinal

accessory roots. Small myelinated fibers from the

latter have been traced into the \agus nerve; and

while these may perhaps be sympathetic, the possi-

bility that the neurons mentioned may i^e displaced

cranial parasympathetic elements has not been con-

sidered. It is also po.ssible that they are related to the

nucleus amijiguus and concerned with control of cer-

tain striated muscles of the neck.

Spinal Aiitonnmic Reflexes

It is generaliv held that spinal autonomic reflex arcs

may be monosynaptic or multisynaptic (26, 27). The

latter t\ pes make provision for delayed responses and

enduring reactions in which there is considerable after-

discharge. They also must provide for inediation of

certain types of suprasegmental control, including

facilitation and inhii^ition, much as in somatic re-

flexes as indicated by Eccles (49). The anatomical

identity and specific connections of these internuncial

neuron pools are not well-known, although there must

be provision for such mechanisms as reverberating

circuits.

The organization of these reflex neuronal pools is

primarily segmental, not necessarily in the sense of

single segments but involving certain groups of seg-

ments, as is shown in the following list for thoraci-

columbar reflexes [modified from Kuntz (99)].

Head and neck T1-5

Upper extremits' T2-9

Lacrimal gland (sympathetic) T1-3

Vasomotor responses, piloerection and

sweating

upper trunk T4-9

lower trunk T9-L2

lower extremities T12-L2

Pupillodilatation C8-T1 (2)

Cardiac acceleration T2-6

Abdominal viscera T4-L2

Genitourinary and rectoanal (sympa- L1-L2

thetic) responses

It is obvious that these may vary considerably. There

may also be interactions among these reflexes as well

as mass discharges involving many of them. It is

commonly held that mass discharge is a characteristic

of the thoracicolumbar system, while more specific

effects are produced by the craniosacral division.

This usually loosely stated view is related to the rela-

tively long-lasting effects of the chemical effector

substances produced by the orthosympathetic ele-

ments. However, while it is in general true, one must

make some reservations even as did Cannon (37)

who, although he stressed the diffuse discharge idea,

said, ""The sympathetico-adrenal system though or-

ganized for diffuse and widespread action may influ-

ence excessively separate organs or functions." More

specifically, recent experiments have shown that

autonomic discharges may be largely segmental (61).

Thus, stimulation of the spinal cord in animals at T4

produces a marked rise in arterial pressure without

pupillary dilatation. On stimulation from T3 to Ti,

the pupil response appears and increases while the
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pressor response disappears. Selective retraction of

*he nictitating membrane may also be elicited. Such

selective effects may also be obtained from autonomic

areas in the brain where these differences are perhaps

due to the differences in neuronal thresholds and dis-

tribution. In the cord, however, production of specific

autonomic discharges depends upon segmental ar-

rangement. When a mass discharge takes place, as in

emotion, it is probably associated with activation of

large areas of higher autonomic mechanisms. An ex-

cellent tabulation of the autonomic innervation of the

most important structures together with their central

nervous representation is to be found in Mitchell (121).

It seems obvious that reflex mechanisms in the

spinal cord are so organized that a variety of reflex

patterns may be set up. Thus there are pure visceral

reflexes, for example, changes in arterial pressure after

mechanical (or other) stimulation of viscera such as

the intestine, pancreas, etc. Such reflexes are best

studied in spinal animals; otherwise investigators have

found themsehes involved in semiphilosophical con-

siderations of the specificity of visceral pain, as did

Lewis & Kelgren (102) and von Euler & Sjostrand

(163). There are also reflex patterns which serve both

visceral and somatic functions. Thus we have somato-

visceral reflexes, such as the vasomotor response to

stimulation of a 'somatic' nerve. There are viscero-

somatic ('visceromotor') reflexes, in which contrac-

tion of somatic musculature occurs in response to

stimulation of visceral afferent fibers, for instance

contraction of abdominal muscles upon irritation of

abdominal viscera or peritoneum.

The mass of work done on the vasomotor activities

of sympathetic nerves after the original observations

of Bernard (23-25) and Brown-Sequard (36) cul-

minated in Bayliss' summary of the vasomotor

system (19), which e\-ery student of neurophysiology

and neuroanatomy should read as an exercise in

classical physiology. Segmentally arranged spinal

vasomotor reflex arcs are present in the cord and are

capable of activity even wlien cut off from the brain,

as shown by stimulation of peripheral somatic and

splanchnic nerves with resulting increase in arterial

pressure and peripheral vasoconstriction. The.se re-

sponses are diminished during spinal shock but are

very easily obtained after recovery from this state.

These spinal reflex mechanisms have been held to be

excited by asphyxia (154) or perhaps by chemical

changes iirought about ijy anoxia. They are less

sensitive to increases in carbon dioxide than are the

medullary centers. Bayliss points out that it is difffcult

to determine whether the chemical changes them-

selves stimulate efferent \asoconstrictor impulses or

whether reflex stimulation is also necessary. The
existence of vasodilator reflex mechanisms at the

spinal le\'el is not as certain, but Bayliss felt that they

do exist in cases where local vasodilator responses can

be induced. The extent to which spinal vasomotor

reflexes function in cither the intact or spinal animal

is uncertain.

Other spinal reflex mechanisms may also be aflected

by chemical changes in the body fluids. Thus, in

spinal cats in which hypoglycemia was induced by

insulin in doses equivalent to those which produce

strong sympathicoadrenal activation in normal ani-

mals, there was also activation of this system and

therewith resistance to the hypoglycemia (35). Since

this occurred when all nervous connections between

the brain and the thoracicolumbar outflow were

severed, spinal mechanisms which are capable of ac-

tivating the sympathicoadrenal system exist. It is also

possible that changes in blood temperature may affect

thermoregulatory reflexes, such as those involved in

sweating and vasomotor changes. Thus, cooling of

one extremity may bring about vasoconstriction in

the opposite one according to Sahs & Fulton (144).

Certain local sudomotor responses may occur in re-

sponse to visceral irritation, and local sweating has

been described especially in areas of skin contact in

spinal and sympathectomized persons. Such local

responses may well be due to axon reflexes (174).

Viscerosomatic reflexes were studied in amphibians

and reptiles by Carlson & Luckhardt (38) in 1921;

limb movements in response to visceral stimulation

were observed. Miller and his co-workers (116- 119)

extended such observations to decapitate mammals,

noting contractions of abdominal and hind limb

muscles upon mechanical stimulation of abdominal

viscera and electrical stimulation of the splanchnic

nerves. Downman & MacSwiney (48) found similar

responses as well as increases in arterial pressure upon

pinching the intestine and mesentery in cats with

spinal cord transection in the upper thoracic region.

Subsequently Downman (46, 47) carried out a

more detailed analysis of the central organization of

viscerosomatic reflex arcs, using decerebrate and

spinal cats and comparing such arcs with those in-

volved in somatic reflexes. In the first instance the

greater splanchnic nerve was stimulated with single

shocks; in the second a nearby intercostal nerve was

used. The efferent discharges were recorded from

intercostal and lumbar ner\'es. The reflex discharge

elicited by splanchnic stimulation in spinal cats was

of relativeh' long duration due to repetitive firing of
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FIG. I. Viscerosomatic reflexes. Maximal single-shocls stim-

ulation of splanchnic nerve evokes reflex \olleys in body wall

nerves, shown as they were recorded off the central crushed

end of each nerve. Volleys recorded consecutively. T ^ to 13,

intercostal nerves; L r (0 j, lumbar nerves. Acute spinal cat,

cord transected at Ti. [From Downman (47).]

motor neurons. There was considerable irradiation

from the splanchnic input into all intercostal and

lumbar nerves and e\en into leg ner\es. The recorded

motor volleys were largest in the lower thoracic and

upper lumbar nerves, a situation seemingly adapted

to the abdominal splinting which occurs with irritation

of the abdominal viscera (fig. i). It is of interest that

excitation from splanchnic stimulation spreads much
faster than does that from intercostal stimulation, the

velocity of spread being three to five times greater

in the former (20 to 50 m per sec. compared with 7 to

II m per sec). Two routes for splanchnic irradiation

are involved—a fast extraspinal path in the sympa-

thetic chain of the same side and a slower intraspinal

route of limited extent. Intercostal reflexes can use

only the latter type of pathway. Contralateral spread

is entirely intraspinal. This visceromotor reflex dis-

charge may be so extensive that in animals with high

cervical spinal transection, strong splanchnic stimu-

lation evoked diaphragmatic contraction. The effer-

ent splanchnic fibers involved are apparently in the

small A group, the A gamma-delta size.

Interrelations with Higher Levels

Viscerosomatic reflex discharges are greater and

more widely spread in the spinal than in the de-

cerebrate preparation. Severing the spinal cord seems

to release the spinal arcs from some inhibiting influ-

ence which affects the viscerosomatic reflex pathways

more than the somatic ones. Another difl'erence be-

tween decerebrate and spinal preparations is the fact

that, following an initial conditioning reflex discharge,

a later testing discharge into the same nerve of outflow

shows facilitation in the former and inhibition in the

latter.

Downman also measured in spinal cats the central

delays for reflex discharges evoked by stimulation of

the splanchnic and of the intercostal ner\e. The
average delays ranged from 5 to 8. i msec, in the case

of the viscerosomatic and from 2.4 to 2.8 msec, for

the somatic arcs, which indicates that a greater

number of neurons is involved in the splanchnic arcs.

The extent of this internuncial acti\ ity apparently is

less in decereljrate than in spinal animals which may
account for the difierences in effect of conditioning

afferent stimulation.

Downman also points out that there are at least

three ascending paths available for impulses of

splanchnic origin—an extraspinal one by way of the

sympathetic chain which eventually enters the spinal

cord, an ipsilateral route in the fasciculus gracilis and

slower conducting bilateral paths in the anterolateral

region of the white matter. Besides setting up visceral

reflex arcs at \arious levels of the cord, such pathways

also extend to the brain where suprasegmental con-

trol mechanisms may be brought into play with

feedback to the reflex center. Some of these paths

reach the cerebral cortex, and Amassian (4) found

that such impulses are conveyed by A beta fibers

which lie in the posterior funiculus between the

afferent fibers from the upper and lower extreinities.

There are also A gamma-delta groups of fibers of

splanchnic origin which can affect cortical activity.

Amassian believes that such afferent paths may take

origin in the mesenteries and visceral Pacinian cor-

puscles, accounting for sensory awareness of as well as

responses to visceral distention. Aidar et al. (2) found

that afferent impulses of splanchnic origin ascend

at least as high as the thalamus, the faster impulses

passing via fibers in the ipsilateral posterior funiculus

and the opposite medial lemniscus (possibly mediating

pressure and tension), while the slower traverse the

lateral spinothalamic tracts bilaterally (po.ssibly me-

diating pain). It is of special interest that some slow

impulses reach the posterior part of the hypothal-

amus.

The importance of suprasegmental connections for

visceral mechanisms in the spinal cord is attested by

the release phenomena exhibited in the spinal animal
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as well as the deterioration of such protective func-

tions as temperature and blood glucose homeostasis.

The routes of these connections are then of interest,

although our information is at best sketchy. It has

been suggested by Gillilan (62) that the so-called

reticulospinal tracts of Papez (129) are concerned

with autonomic activity. These include a) the lateral

reticulospinal tract, located in the medial part of

the lateral funiculus and said to be concerned with

thermoregulatory sweating on the face; h) the ventral

reticulospinal tract wiiich lies in the \ entral funiculus

and is concerned with va.scular control and sweating

of the body and extremities; r) the ventrolateral

reticulospinal tract in the ventrolateral part of the

lateral funiculus which participates in regulation of

respiration, being connected with the motor neurons

of the respiratory muscles and having origin, it is

said, in the respiratory areas of the brain stem; d)

the medial reticulospinal tract in the anterior funicu-

lus which is said to descend from various autonomic

areas of the brain stem and ma>' help integrate para-

sympathetic and sympathetic activities. The location

of descending sympathetic fibers in the anterolateral

white matter of the spinal cord was noted by Sherring-

ton (153) in 1887; this localization has been reaffirmed

clinically many times more recently by chordotomy

for relief of pain. Experimentally in animals there

is good evidence for such a location for descending

fibers mediating pressor and bladder responses (171).

The pressor pathways undergo partial decussation in

the brain stem and are multisynaptic above the spinal

cord, at least. There are also decussations below the

cervical cord level, both for pathways from the

hypothalamus and from the medulla oblongata; some

backcrossing is also present in the spinal cord accord-

ing to Harrison ft al. (71). Thus, stimulation of

sympathetic areas on the right side of the brain stem

may produce effects on the same side even after hemi-

section of the cord in the cervical region. Descending

pathways for bladder contraction have decussations

in the brain stem and lower lumbar segments in ani-

mals but have no cross connections in the remainder

of the cord. Pathways for respiratory control lie in

the anterior and anterolateral portions of the white

matter in cats (135). Pressor respon.ses of cerebral

c jrtxal origin are also mediated by bilateral pathways

in the anterolateral region (95). In general, these

localizations seem also to apply in man, since Foerster

(52, 53) found evidence in his patients of bilateral

pathways for vasoconstriction and sweating in this

anterolateral region.

When these rich paths for the modulation of auto-

nomic activity in the spinal cord are severed, certain

ijasic patterns are retained and remain functional at

a reflex, automatic le\el. We have noted that va.so-

motor and \'iscerosomatic reflexes may remain active.

It is well-known that the mechanisms for defecation

and micturition may regain adequate levels of reflex

function and may be subject to a degree of control by

imposed cutaneous stimulation. The neural patterns

for sexual function remain and can operate wiihc^ut

the influence of the brain, provided the proper hor-

monal milieu is present. In animals, these patterns

include appropriate somatic attitudes. Temperature

adjustments remain poor. In this homeostatic function

the diencephalon is pre-eminent.

Spina/ Shock

The phenomena of acute spinal shock are es-

pecially striking in so-called higher echelons of the

vertebrate group. In lower forms reflex activity may
proceed without delay after severance of the spinal

cord, but in primates there is a lull in the functioning

of the isolated cord which in the past has posed prob-

lems to the clinician. In general, autonomic functions

are less affected than somatic, although the onset of

automaticity of bladder and bowel functions may be

considerai)l\' delayed, even in carnivores. The cause

of spinal shock cannot be stated precisely, although

Sherrington hypothesized a possible 'isolation dys-

trophy' afTecting neurons of the spinal cord after

separation from higher mechanisms. Certainly the

cord neurons, normally adapted to powerful extrane-

ous influences, excitatory and inhibitory, which are

probably chemical, must undergo a dramatic change

in reactivit)- when these influences are cut off. In

lower forms these influences seem chiefly reticulo-

spinal and vestii)ulospinal (57); in man, however, the

corticospinal connections seem more important. Since

visceral mechanisms are perhaps ordinarily less mod-

ulated by impulses from the brain than are the

somatic, these readapt with greater facility than the

latter. Howe\'er, some of the great liomeostalic

complexes, temperature regulation for instance, can-

not rea.ssume function when the brain connections

are severed.

Influence of Distance Receptors

Sherrington considered the great influences of the

brain upon both autonomic and \oluntary activities

to be dependent upon the dexelopment of the dis-

tance receptors
—

"the great inaugurators of reaction.'
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"By a high spinal transection the splendid motor ma-

chinery of the vertebrate is practically as a whole and

at one stroke severed from all the universe except its

own microcosm and an environmental film some

millimeters thick immediately next its body. The

deeper depression of reaction into which the higher

animal as contrasted with the lower sinks when made

spinal signifies that in the higher types more than in

the lower the great distance-receptors actuate the

motor organ and iinpel the actions of the individual.

The deeper depression shows that as the individual

ascends the .scale of being the more reactive does it

become as an individual to the circumnambient uni-

verse outside itself. It is significant that spinal shock

hardly at all affects the nervous reactions of the intero-

ceptors (visceral system); and that it does not affect

the intero-ceptive arcs appreciably more in the

monkey than in the frog. . . . Not that in the highest

animal forms the 'distance-receptor' merely l)er se

has necessarily reached more perfection or more

competence than in the lower. ... It is that in the

higher types there is based upon the 'distance-recep-

tors' a relatively enormous neural superstructure

possessing million-sided connections with multitudi-

nous other arcs and representing untold potentialities

for redistribution of .so-to-say stored stimuli by associa-

tive recall. The development and elaboration of this

internal nervous mechanism attached to the organs of

distance-reception has, so far as we can judge, far out-

stripped progressive elaboration of the peripheral re-

ceptive organs themselves. Adaptation and improve-

ment would seem to have been more precious assets

in the former than in the latter" (154).

Of these adaptive phenomena at both spinal and

cerebral levels we are, perhaps, acquiring some glim-

merings. Of the 'enormous neural superstructure' we

have more records of detailed observations on neo-

pallial, rhinencephalic, diencephalic and bulbar mech-

anisms than were available to Sherrington, but one

wonders if we have deeper insight.

cord. Collaterals from these pathways connect with

organized nuclear groups of neurons, cell stations for

cranial nerves, bundles of fibers concerned with modu-

lation of these \ arious functions, and many other in-

tegrated systems. These known masses of fibers and

neurons are embedded in a matri.x of incredible com-

plexity, which in recent years has attracted increasing

attention as the 'reticular formation of the brain

stem.' Segundo (150) has recently summarized briefly

the knowledge of the structure of the reticular forma-

tion and cites Ramon y Cajal's conclusions as to the

constitution of the dense interstitial plexus which

forms this reticulum. Thus we have fibers coming

from the spinal cord, from the inedial lemniscus which

is constituted of sensor) fibers of the second order

and which contributes collaterals to reticular cells;

motor pathways, including collaterals from the pyram-

idal tract; fibers from interstitial motor cells; and

fibers from the cerebellum, acoustic nuclei, and the

colliculi of the midbrain. A careful investigation of

the structure of this area, which extends from the

lower part of the bulb into the diencephalon, has been

initiated by Schcibel & Scheibel (148) who have

found collaterals from the main ascending and

descending tracts passing into the reticular formation

and setting up complex axodendritic-somatic synapses

which seem to make possible a potential interaction

between dendritic and .somatic neuronal fields. The

axons of the reticular formation have very large po-

tential areas of interaction with other neurons,

theoretically with as many as 27,000 others, although

of course the number undoubtedly is much less in

many cases. The axons of the reticular formation

neurons and those axons passing through the reticular

formation have widespread connections, with many
collaterals and bifurcations (fig. 2). The reticular

formation has connections with the hypothalamus, the

subthalamus and thalamus, and possibly even with

the cortex. Besides the ascending systems there is

evidence that the descending systems are just as

complex.

AUTONOMIC MECHANISMS OF SUBDIENCEPHALIC

BRAIN STEM

Reticular Fnrmaliori

It is axiomatic that progressive encephalization in

the nervous system has produced increasing ana-

tomical complexity as one proceeds from one level to

another. Thus through the brain stem we have exten-

sive ascending and descending pathways for interre-

lating the functions of the higher regions and the spinal

Medulla Oblongata and Pons

In this maze are embedded the groups of neurons

which are known to be related to efferent outflow

through the cranial nerves and through the spinal

cord. It seems unnecessary to review the structure

and location of these entities as they are well described

in various textbooks of neuroanatomy and in such

monographs as that of Mitchell (122). While these

nuclear groups have definite and known functions
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FIG. 2. Reconstruction of single neurons in the reticular

formation, showing the extensive ramifications of cell processes.

The axons send inajor branches toward the cerebrmn and also

caudally into the spinal cord. [Figure by A. Scheibel and M.
Scheibel, fi-om French (55).]

and .serve as the final common pathways for these

important autonomic activities, it is not appropriate

to designate any of them as the so-called 'centers of

vital activity' of the brain stem, since 'centers' may
greatly transcend any restricted locality. Nevertheless

in the lower part of the brain stem, in such a small

area as the medulla, we ha\e a fairly compact group-

ing of the neural arrangements which make possible

integration of some very important vital regulations.

ciRCUL.^TORY REGULATION. According to Mitchell, the

functions of the medulla oblongata in regulation of the

heart first became known about 1845, and in 1873

Dittmar (45) showed that if the brain stem is gradually

sliced away from above downwards, a fall in arterial

pressure is observed after transection in the middle of

the pons. Progressive transections then cause greater

and greater falls until the upper part of the medulla

is reached. These findings were held to indicate that a

center for arterial pressure regulation, perhaps con-

trolling vasoconstriction, was located in the upper

part of the medulla. No further progress was made
imtil igi6 when Ranson & Billingsley (138) showed

that both pressor and depressor responses could be

elicited by stimulation of the floor of the fourth

ventricle in cats. Stimulation in the posterior part of

the fourth ventricle just lateral to the obex beneath

the area postrema produced decreases in arterial

pressure. Stimulation in the inferior fovea at the apex

of the ala cinerea gave increases in pressure (fig. 3).

Ranson's observations were extended, among others,

by Alexander (3) in 1946, who found by the method

of stereota.xic exploration that a pres.sor center occu-

pies an extensise region in the lateral reticular forma-

tion and the rostral two thirds of the medulla, while

the depressor center includes a greater part of the

medial reticular formation in the caudal half of the

medulla. This center was shown to be functionally

significant because of its capacity for tonic inhibition

of the spinal cardioxascular mechanisms. The neces-

sity of these structures for the occurrence of cardio-

vascular responses produced by stimulating somatic

FIG. 3. Pressor and depressor areas of the Hoor of the fourth

ventricle of the cat. F.i., fovea inferior, site of the pressor area;

d.p., depressor point; /.i., fovea superior; c.f., facial colliculus;

c, clava; o., obex; t.c, tuberculum cinereum. [From Ranson &
Billingsley (138).]
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nerves was also shown. The afferent and efferent

paths for the various circulatory reflexes are presented

in detail by (Jvnas in Chapter XLI\' of this volume.

CONTROL OF RESPIRATION AND ALLIED FUNCTIONS. In

igi6 Miller & Sherrinoton {115) also explored the

floor of the fourth ventricle with electrical stimula-

tion in decerebrate cats and found that stimulation of

a v-ery restricted area of the inferior fovea produced

swallowing (fig. 4). There was concurrent arrest of

respiratory movements and also increased pulse rate.

These phenomena were also shown to occur in normal

swallowing. In other early experiments Graham
Brown (65) stimulated the surface of the transected

brain stem of a chimpanzee and from the region of

the central gray obtained an increased respiratory

rate and a sound which resembled laughter. It re-

mained for Pitts and his collaborators, however, to

explore thoroughly the respiratory mechanisms of the

lower brain stem (136). The medullary respiratory

center has been found to have two parts bilaterally

located. The first, for inspiration, is located in the

ventral reticular formation immediateh' overlving

the rostral four fifths of the inferior olive and extendina;

a few millimeters to each side of the mid-line. In-

crease in the carbon dioxide content of bod\- fluids

causes increase in the frequency of discharge and re-

cruitment of neurons in this center and, as a conse-

quence, increase of the depth of inspiration. The
center for expiration is located in the dorsal reticular

formation, dorsal and slightly rostral to and cupped

o\er the end of the inspiratory area. It acts, in part

at least, by inhibiting the inspiratory center. Upon
these centrally located mechanisms varying types of

afferent impulses converge from the skin, the nose, the

bronchi, the lungs, etc. Chemical changes in the

blood and accumulation of metabolites affect the

cells of these centers directly; they also stimulate

peripheral chemoreceptors which send afferent im-

pulses into the respiratory mechanisms. Since nervous

control of respiration will be thoroughly discussed in

Chapter XLIII of this volume by Oberholzer &
Tofani, a detailed discussion is not in order here.

Briefly, the regulation of rh\ thmic respiration appears

to depend upon the alternating activity of the two

portions of the respiratory center. This activity de-

pends upon several factors, of which one is a vagal

reflex system sensitive to stretch of the lungs; another

Tr&c t JOlittLT.

FIG. 4. Cardiac and respiratory changes

associated with swallowing induced by

stimulation of the floor of the fourth ven-

tricle in the decerebrate cat. The point of

application of the stigmatic electrode is

sliown. [From Miller & Sherrington (115).]
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is a "pneumotaxic" center located in the pons. Tliese

two systems are mutually replaceable and their ac-

tivity causes periodic inhibition of the inspiratory sys-

tem and hence rhythmicity in breathing. The location

of the pontine pneumotaxic center has recently been

explored by Baxter & Olszewski (18) and by Cohen &
Wang (42) in 1957, who located it in the dorsolateral

portion of the pons. Neurons in this region fire syn-

chronously with respiratory movements in vagoto-

mized animals. Other factors are also involved in the

control of respiration, including cortical, hypotha-

lamic and widespread reflex influences of mmierous

types. There may also be hormonal influences on

respiration as shown by Hiestand & NeLson (76, 77).

OTHER REFLE.XES. Besides neural organizations in the

medulla which are necessary for the control of res-

piration and cardiovascular activity, this small area

contains visceral afferent and efferent mechanisms for

various other reflexes. These include the following, a)

The coughing reflex is mediated by afferent fibers in

the vagus nerve and efferent fibers in the nerves to

the respiratory and laryngeal muscles, h) The sneezing

reflex is evoked by afferent fibers which enter the

brain stem via the trigeminal nerve, c) The swallow-

ing refle.x is aroused by stimulation of the trigeminal

and glos.sopharyngeal nerves, the glossopharyngeal

and vagus nerves carrying the efferent fibers which

arise in the nucleus ambiguus. d) The salivary reflex

depends on afferent fibers which are borne by the

trigeminal and glossopharyngeal nerves and which

may be activated by stimulation of oral or olfactory

surfaces or by strong psychic factors. Efferent fibers

from the salivatory nuclei pass by way of the glosso-

pharyngeal and facial nerves, e) The afferents of the

sucking reflex are borne by the trigeminal and glosso-

pharyngeal nerves and the efferent fibers by the

facial, glossopharyngeal and hypoglossal nerves. /)

Hyperglycemia may be evoked reflcxly. It has been

shown by Brooks (34) that the integrity of an area in

the lower part of the medulla oblongata is necessary

for the occurrence of the elevations in blood sugar

which ordinary take place upon the stimulation of

afferent nerves. Higher regulatory centers are not

necessary for this response, g) The vomiting reflex de-

pends on neural inechanisms which have recently

been the subject of extensive study; this work has been

reviewed by Wang & Borison {170) and Brizzee (32).

Vomiting is usually said to be set up through afferent

fibers of the vagus, glossopharyngeal, vestibular and

possibly splanchnic nerves, by abnormal stimuli in

the stomach, pharynx, intestine or inner ear. The

efferent fibers are said to originate in the dorsomotor

nucleus of the vagus, plus the nuclei for somatic out-

flow to muscles of the abdominal wall and diaphragm.

This reflex concept, however, is evidently too narrow

because it is known that vomiting may have other

causes. Thus, vomiting occurs in uremia and other

disorders which increa.se the accumulation of metabo-

lites in the body, and also after x-irradiation. Wang,
Borison, Brizzee and their colleagues propose that

there is a chemoreceptor trigger zone for vomiting in

the lower part of the medulla probably in the area

postrema. They have found that destruction of this

chemoreceptor zone reduces the incidence of vomiting

in nephrectomized dogs and cats (30). In studying

x-irradiation emesis Brizzee found that severe damage
to the dorsal vagal sensory nuclei alone did not

eliminate the vomiting. Similar lesions, however, to-

gether with involvement of the area postrema did

effectively eliminate the response. In vagotomized

animals the emesis did not occur, probably because

of loss of afferent fibers. Brizzee believes that the area

postrema, besides iieing a chemoreceptor trigger

zone, is also a central mediator for incoming sensory

fillers. Brizzee & Neal (33) reviewed the cellular

morphology of the area postrema, which they found

to contain glialoid cells and some small neurons.

Some nerve fibers from the area passed toward ad-

jacent nuclei, especially toward the nucleus of the

solitary tract. They also observed sinusoids and thick

walled arterioles in this region. They postulate that

the glialoid cells act as chemoreccptors while the

nerve fibers connect with the emetic center in the

lateral part of the reticular area in the medulla,

Midhrani

The midbrain appears to contain relativeh' few

autonomic mechanisms although it serxes as a route

for fibers of passage which are concerned with auto-

nomic activities.

CENTR.-^L GRAY. The Central gray of the aqueduct has

been thought to contain centers for circulatory and

respiratory regulation, since Sachs (143) in igii

produced elevation of arterial pressure and increase

in respiratory rate from stimulation in this region.

More recently Kaisat and his collaborators (91, 93,

94) confirmed these findings and also produced

pupillary dilatation and contraction of the bladder

from stimulation of the central gray and from other

points in the tegmentum of the midiirain. Still more

recently McQueen et al. (114) also obtained pressor
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responses from the central gray. This region contains

the dorsal longitudinal fasciculus whicli is considered

to be one of the descending pathways for impulses

froin the hypothalamus. It is well-known that stimu-

lation of the perifornical region of the hypothalamus

produces strong autonomic discharges coupled with

affective types of beha\'ior. Hunsperger (82, 83) found

that lesions of the periaqueductal gray prevented

the elicitation of visceral and behavioral responses

upon stimulation of the hypothalamus. Skultety

(Skultety, F.M., unpublished observations) has re-

cently re\iewed the structure and function of the

periaqueductal area and has carried out some critical

experiments in which he was unable to produce any

changes in arterial pressure, gastrointestinal activity

or blood sugar by lesions of this area. The principal

observed effect seems to be a tendency to diminished

aflfcctive reactivity and greatly diminished socal

activity. The weight of evidence indicates that this

portion of the midbrain is probablv in the main a

pathway for impulses which sui)serve autonomic

effects.

CONTROL OF URINARY BLADDER. It lias been held that

the midbrain e.xerts a control upon the tonus of the

urinary bladder. This idea goes back to the experi-

ments of Harrington (16) in 1925, in which jjilateral

lesions just ventral to the superior cerebellar peduncle

were followed by a permanent inability to empty the

bladder. Lesions lateral to the posterior end of the

aqueduct appeared to yield permanent loss of con-

sciousness of the need to micturate or defecate, al-

though these functions persisted at a spinal level.

More extensive lesions sometimes produced increased

frequency of involuntarv micturition. Tang & Ruch

(158, 159) have attempted to determine regions of

the brain stem concerned with controlling the mic-

turition refle.x in cats. Thev conclude, "At least four

levels of the neural axis . . . influence profoundly the

excitability of the sacral micturition reflex, namely,

(i) a cerebral inhiijitory region, (2) a posterior

hypothalainic facilitatory area, (3) a mesencephalic

inhibitory area, (4) an anterior pontine facilitatory

area (see fig. 18, right, of Chapter XLVIII by Ruch,

in this volume). The influence of these areas can be

removed successively by the following transections of

the neural axis: transhypothalamic decerebration,

supercollicular decerebration, intercollicular decere-

bration and subcollicular decerebration or spinal

transection." By using the method of cystometry and

experimental lesions after suitable tran.sections, evi-

dence was advanced that a facilitatory area for

micturition is located in the mammillary region of

the liypothalamus. A bilateral inhibitory area is

located in the midbrain tegmentum, just lateral to

the central gray, at the level of the superior colliculus;

Harrington's pontine facilitatory area is bilaterally

located in the dorsal tegmentum at the level of the

isthmus just ventral to the lateral angles of the peri-

ventricular gray.

We have just seen an exainple of a system so organ-

ized as to exert inhibitory and facilitatory influences on

refle.xes which can be mediated by a much lower level

of the nervous system. It is well-known that the

reticular formation contains inhibitory, or suppressor,

and excitatory, or facilitatory, mechanisms for so-

matic reflex action. These are so organized as to make
possible the regulation of .skeletal muscle tonus and

the prevention or occurrence of decerebrate rigidity.

We find that the same principle holds for visceral

functions of the nervous system. Wang and his co-

workers (166-169) have recently carried out a series

of experiments on these types of influences as they

affect the galvanic skin reflex in cats. They ad\anced

evidence that these facilitatory and inhibitory func-

tions are located at different le\els so that the reticular

substance of the lower part of the brain stem, which

is left after intercollicular decerebration, contains

mechanisms for inhibitory influences. These, however,

are subject to control from higher levels. Thus, after

removal of the telencephalon the galvanic skin reflex

is augmented in intensity. This is true also after re-

moval of the forebrain and the thalamus. However,

after total removal of the diencephalon there is a

slow decline in the reflex with eventual abolition.

After intercollicular decereijration there is a sharp

fall in intensity and eventual complete loss of the

reflex. This is interpreted to mean that the telen-

cephalon normally inhibits the reflex. After thalamic

removal, there is an increase in facilitatory influence

perhaps from damaged neurons; and, as remarked

before, after intercollicular decerebration inhibitory

influences are unchecked. In acute decerebrate cats

it was found that cooling the medulla or anesthetizing

the ventromedial reticular formation restores the

galvanic skin reflex which had been abolished by the

decerebration; then as the anesthesia wears off, there-

flex disappears again as an inhibitory mechanism

comes back into activity. It is of interest to note that

in a normal animal acute spinal transection at Ci

remo\es excitatory influences and decreases the

galvanic skin reflex. In the decerebrate cat, however,

this procedure eliminates inhibitory influences and

restores the reflex. Turning now to the method of di-
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rect stimulation Wang & Brown (167) found that

excitation of the ventromedial Inilhar reticular forma-

tion, the cerebellar anterior lobe, the caudate nucleus

and the frontal cerebral cortex inhibits the galvanic

skin reflex. The reticular formation has the lowest

threshold of stimulation and the greatest inhibitory

effect.

Another approach to brain-stem facilitation of

autonomic acti\it\- has been used by Glasser (63) who
found that midpontile decerebration, in cats with

sectioned vagi and with carotids tied, produces an

increase in arterial pressure and heart rate as well as

apneusis and decerebrate rigidity. This increase in

cardioxascular activity is attributed to facilitation by

the reticular formation.

It also appears likely that some autonomic mecha-

nisms may participate in the bulbar facilitation of

somatic reflex activity. Bach (10) finds that stimula-

tion of the bulbar reticular facilitatory mechanism

results in liberation of epinephrine and activation of

the sympathetic nerve supply 10 the limb in\ol\ed. It

is not certain that the facilitation so produced is the

only mechanism w-hich acts at the site of the reflex arc

within the cord.

A converse effect has been described by Dell and

his co-workers (44) who have found activation of the

upper midbrain reticular formation by epinephrine

which in turn leads to a generalized activation of the

upper portion of the brain. This humoral mechanism

may be important for arousal from sleep. There is

also evidence that the ' sympathetic nervous system

acts on facilitatorv and inhibitory functions of the

reticular formation in motor activity, and that afferent

impulses from the pressor receptors of the carotid

sinus may have inhibitory eflfects here. It has been

shown that the midbrain and hypothalamus contain

significant amounts of sympathin (162). Indeed, these

regions contain the richest supply of sympathin in the

entire brain of the dog, and Dell presents arguments

for an adrenergic type of transmission in this part of

the iirain.

Dell points to the regulation of blood sugar as an

example of autonomic neurohormonal interaction

which is ba.sed on the existence of reserves of glycogen

in the li\er and muscles. When these reserves are

diminished, there is an augmentation of the secretion

of epinephrine and increase in its level in the blood.

As a result the following events occur ; wakening, aug-

mentation of muscular activity even to the point of

hyperactivity, intensification of sensory attention so

that the animal develops a drive to satisfy its need for

food. Fundamental mechanisms for the transforma-

tion of organic needs into behavior thus appear to

be represented in this portion of the brain. Another

chemical feed-back mechanism may be constituted

by the fact that any sensory mechanism which is

concerned with the arousal of the emotional response

may feed into the reticular formation, including of

course the hypothalamus, and provoke discharges

which bring about the release of epinephrine and nor-

epinephrine. This in turn, acting on the reticular

formation, can augment and prolong the actis'ity of

the elements of this system up to the time when the

circulating hormone has been destroyed. As Dell

points out, this may offer some explanation as to why
it is usually \ery difficult to arrest or confine an emo-

tional state.

Altiiougii the miclljrain is not usualh' held to be of

particular importance in the autonomic scheme,

aside from elements in the oculomotor and perhaps

the trigeminal complexes, and aside from the some-

what indefinite centers controlling tonus in the

rectum and bladder, we ha\e seen that this area

besides its importance as a transmitter of autonomic

impulses may plav a role in autonomic integration.

Part of this role is dependent upon hormonal influ-

ences.

.•\UTONOMIC FUNCTIONS OF OCULOMOTOR NERVE. It is

usually held that the preganglionic fibers for the

innersation of the constrictor muscle of the pupil and

of the ciliary muscle originate in the nucleus of

Edinger and Westphal which overlies the main

oculomotor nucleus, and that these fibers enter the

oculomotor ner\e and terminate in the appropriate

eye muscles. According to Olszewsky & Baxter (128),

however, the evidence that these fibers originate in

the Edinger-VVestphal nucleus is relatively scant.

Beside the \isual afferent influences which bring

about the pupillary light and convergence reflexes,

afferent impulses of extraocular origin play an impor-

tant role in control of the pupil. Thus pupillary dilata-

tion occurs in response to noxious stimulation and

emotional excitement. This is in part due to activa-

tion of dilator pupillae muscles through the cervical

sympathetic. However, there is evidence, originally

advanced !)>• Ur\- & Gellhorn (60), that there is some

central inhibition of the pupilloconstrictor mecha-

nism.

DIENCEPH.^LI^ .AUTONOMIC MECH.ANISMS

The modern student of neurophysiology is all too

aware that there is a region called the hypothalamus

which, he has been led to believe, plays a key role in
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the regulation of autonomic actixities. To a large

extent this is true, but he sometimes forgets that this

region is a part of a much more extensive system of

neurological circuits. It is true that here we have a

condensation of fibers of passage con\"e\ ing impulses

from higher and lower regions and that here are

'integrated' many converging influences, so that the

product conforms to a pattern suitable for the needs

of the organism. These neural patterns may be reinte-

grated at a lower level of the brain stem and their

effects are eveniualK- consummated b\' the spinal

cord complexes.

Anatomy of Hyjiothalamui

It is perhaps suitable to summarize briefly the

structure, relationships and connections of this region

as they are understood today (84, 85). Some of these

structures are shown in figure 2 of CUiapter LXIII of

this work devoted to neurological mechanisms in

emotion. Mitchell (121) remarks, '".
. . anyone who

suffers from the delusion that anatomy is an effete

subject with no problems left to solve is advised to

read even a tithe of the bewildering conglomeration of

literature on the hypothalamus and its connections.

If he does delusion will be replaced by disillusion." As

this region has become more accessible through the

use of modern technicological developments, it is

possible increasingly to fit in its activities with tho.se

of other parts of the central nervous system. VVe can

also take a more disinterested view of its nuclear con-

figuration because, while this region contains a num-
ber of well-defined morphologically distinguishable

groups of neurons, embedded in a background of

nerve fibers and diffusely scattered neurons, only two

or three of these cell groups may be related to any

specific function. As a matter of fact, areas of the

hypothalamus seem to be more important than nuclei.

However, since some nuclei do have definite functional

relationships and since their designation is important

from the standpoint of orientation, providing a means

of communication between the experimentalists, and

because in the future this nuclear classification may
become of unforeseen importance, a brief description

of the hypothalamus is herewith included.

SUBDIVISIONS OF HYPOTHAL.AMUS AND THEIR NUCLEI.

The hypothalamus is bounded anteriorly by the

lamina terminalis which of course includes the

anterior commissure. Here is located the preoptic

region, providing a zone of transition between the

subcallosal septal region and the hypothalamus. The
posterior boundary coincides with the interpedimcular

fossa. Dorsally we have the h\pothalamic sulcus mark-

ing the boundary between hypothalamus and thala-

mus. Inferiorly we have the optic chiasma and behind

it, the floor of the third ventricle which includes the

infundibular stem. The two halves of the area are of

course separated by the ventral extension of the third

ventricle. The hypothalamus caudal to the preoptic

area seems logically di\ided into supraoptic, tuberal

and mammillary regions, each of which contains

several nuclei.

a) In tlie supraoptic area, the anterior hypothalamic

nucleus is well-defined in some forms but more vague

in man in whom it is simply an area dorsal to the

optic chiasma. Embedded in it just above the chiasma

at the edges of the supraoptic recess is the supra-

chiasmatic nucleus. The paraventricular nucleus is a

triangular group of darkly staining cells gathered

along the sides of the ventricle and extending some-

what laterally at its dorsal extremity. The other

conspicuous group in this region is the supraoptic

nucleus which overlies the beginning of the optic tract

and extends a short distance posteriorly from it in the

direction of the infundibular stem. This also contains

large dark-staining neurons, and these as well as

those of the paraventricular nucleus have certain

cytological characteristics which indicate that they

may be capable of secretory activity.

b) The second region is the tuberal portion of the

hypothalamus. This may be divided into a medial

and a lateral region. The lateral area is marked by

its heavy content of nerve fibers, both myelinated

and unmyelinated, many of which pass through the

hypothalamus in a rostrocaudal direction. These

fibers constitute the medial forebrain bundle, much
of which arises in the olfactory regions farther for-

ward and which runs back into the tegmentum of the

midbrain. It also contains fibers from the hypothala-

mus which descend and contributes, in its turn, con-

nections to the hypothalamic neurons. Through much
of the extent of this nucleus there are small undiffer-

entiated neurons; but, especially in the more caudal

reaches, a large number of large dark-staining cells

are found, rather irregularl)- grouped. These are

especially conspicuous in man and may be important

as contributing fibers to the descending connections

of the region. Other groups of small neurons, known
as the lateral nuclei of the tuber, occur in man but are

found only with difficulty in lower forms. The separa-

tion between the lateral and the medial areas of the

tuberal region is marked by the descending column

of the fornix, around which the neurons compressed

by its passage have sometimes been called the peri-

fornical nucleus. Actuallv, perifornical area would be



9^4 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

a better term. The medial part of the tuber contains

two rather large groups, the dorsomedial and the

ventromedial nuclei. The dorsomedial is rather \ague

and contains a mixture of neurons most of which are

rather small. The ventromedial nucleus is quite

conspicuous in carnivores and the lower primates. It

is an oval mass of small cells which are compactly

grouped in lower forms but which in man have a

much more diffuse arrangement. Ventrally, the so-

called arcuate nucleus lies at the lateral edges of the

ventral extremity of the third ventricle, near the

median eminence. Extending dorsally along the walls

of the ventricle in this region are thin layers of small

neurons, many of them poorly differentiated, which

are grouped as a periventricular nuclear system. In

the posterior part of the tuberal region and extending

to the most posterior portion of the hypothalamus is

the posterior hypothalamic nucleus or area. This lies

between the two converging mammillothalamic

tracts. It is very similar in structure to the lateral

hypothalamic region, being a melange of large and

small cells. This region is important because of its

contribution to descending hypothalamic connections

and because in experimental work lesions in this

region epitomize some of the effects of more extensive

lesions in the anterior areas.

c) The third portion of the h\pothalamus is the

mammillary area. This is marked principally by the

presence of the bulging mammillary bodies which

contain a complex of nuclei. A large oval medial

nucleus is separated from a lateral nucleus, of larger

and darkly-staining cells, by an intercalated nucleus.

Anterior to the mammillary nuclei is the premamil-

lary region which, in lower forms at least, is marked

by another complex of small nuclear groups, not

very conspicuous in man. They appear to receive

fibers ascending from the tegmentum in the mamil-

lary peduncle.

AFFERENT CONNECTIONS. A great deal has been written

concerning the fiber connections of the hypothalamus,

and there is reasonably good evidence for the follow-

ing afferent connections of the primate hypothalamus.

a) The inedial forebrain bundle, which contains

olfactory, parolfactory, septal and striohypothalamic

fibers, may be mentioned first. The septohypo-

thalamic fibers probably relay impulses from the

frontal lobe of the cerebral cortex and perhaps also

impulses originating in the rhinencephalic regions.

h) The thalamohypothalamic fibers, which arise

chiefly from the medial and mid-line thalamic nuclei

and run principally by way of the peri\-entricular

system, may be important for relaying somatic and

visceral sensory impulses to the hypothalamus. These

connections probably also set up the major afferent

connections between the neopallial cortex and the

hypothalamus, for the dorsomedial thalamic nucleus

shows degeneration after prefrontal lobotomy and

also after hypothalamic lesions (164). Although direct

connections from the orbitofrontal regions of the

hemisphere to the \entromedial nucleus of the hypo-

thalamus ha\e ijeen described, more recent work

with modern degeneration techniques has not sup-

ported this finding (9). cj The fornix is a prominent

bundle which arises in the hippocampus, terminates

in the mammillary nuclei and probably also sends

some fibers into other hypothalamic nuclei (126).

dj The stria terminalis, which arises from the amyg-

dala, appears to ha\e connections with the preoptic

regions, perhaps with the septal area, and has a

rather diffuse distribution in the hypothalamus. The
chief evidence for these connections is based on com-

parative studies of lower animal forms, e) Pallido-

hypothalamic fibers constitute a well defined bundle

which arises in the lentiform nucleus and appears

to terminate in the ventromedial hypothalamic

nucleus. Other connections with the globus pallidus

by way of the ansa lenticularis are also possible.

/) Subthalamoh\ pothalamic connections are probably

mediated by fiijers from the nucleus subthalamicus,

chiefly crossed, g) The mammillar\' peduncle ri.ses in

the me.sencephalDn and ends in the lateral mammillary

nucleus. Its existence in man is questionable. //) \'ago-

supraoptic connections, which have been demon-

strated physiologically (39, 145), presumably arise

in the nucleus of the solitary tract, but whether they

set up direct or indirect connections with the hypo-

thalamus is not known.

EFFERENT CONNECTIONS. Efferent connections of the

hypothalamus may be summarized as follows, a)

Hypothalamothalamic fibers include the mammillo-

thalamic tract which extends from the mammillary

nuclei to the anterior thalamic nuclei which in turn

are connected with the anterior part of the limbic

cortex (gyrus cinguli), and periventricular fibers,

presumably connecting with the dorsomedial thalamic

nucleus which in turn connects with the frontal

cortex, h) The mammillotegmental tract descends

to the deep tegmental nucleus of the lower brain

stem. () The perixentricular system and the dorsal

longitudinal fasciculus are important for conduction

of descending impulses. These fibers may arise

throughout the hypothalamus, but the posterior
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hypotlialaniic area contributes especialh- to this

system. Some of these fibers descend through the

central gray of the aqueduct; otiiers fan out into the

tegmentum, d) Diffuse descending connections, which

extend caudalward in large part as continuations of

the medial forebrain bundle, proljably arise through-

out the hypothalamus, although the posterior and

lateral areas probably are the chief contributors.

This system of fibers is scattered in the lateral por-

tions of the tegmentum (104, 107), and physiological

experiments indicate that it is of prime importance

in the conduction of hypothalamic impulses toward

the lower autonomic centers, e) Hvpothalamohypo-

physial connections are made through supraoptico-

hypophysial fibers which arise from the main and

accessory groups of the supraoptic nucleus and termi-

nate in a rich branching plexus in the neurohypoph-

ysis, paraventriculohypophysial fibers which arise

in the paraventriculus nucleus and end in the neuro-

hypophysis, and tuberohypophysial fibers which arise

from scattered neurons in the tuberal region. It is

likely that some of these fibers terminate in the median

eminence and in the infundibular stem. It may be

noted here that many of these neurons give evidence

of neurosecretory activity. /) A diffuse projection

system to the cortex originates in the posterior portion

of the hypothalamus and in the nearby reticular

formation of the mesencephalon. This system, which

probably involves thalamic relays, is important in

the maintenance of the waking state (105). It will

be noted that included in the above efferent systems

are rich connections with the neopallium, with the

orbitofrontal cortex and with rhinencephalic struc-

tures. These provide an ample basis for elaborate

feed-back mechanisms and reverberating circuits (64).

It is readih' apparent that this small area is dis-

tinguished by the richness of its fiber connections.

It is quite likely that the influence of the cerebellum

is also brought to bear on the hypothalamus, although

the pathways are not well known. The afferent and

efferent systems involved in the total hypothalamic-

reticular formation picture are probably still more

complex than is indicated by the above summary,

and the intermingling of these cells and fibers has

placed great obstacles in the way of experimental

exploration.

Fuiulional Co)isideralions of Hxpolhalamus

Although the hypothalamic region was a relatively

large part of the brain in primitive vertebrates,

evolutionary development of the higher mammals

has almost completely enveloped it with folds of

forebrain. It is not surprising then that the physio-

logical significance of this remote area escaped analy-

sis until recently. Interest in endocrine physiology

directed attention to the hypophysis, and the spectacu-

lar experiments of Gushing and others first ob.scured

and later overemphasized the nearby hypothalamus,

for there was at one time considerable confusion in

regard to the respective functional relationships of

these structures. We now know that nervous control

of the pituitary, so far as it exists, is mediated through

the hypothalamus and that the latter participates in

certain functions which were once thought to be ex-

clusively hypophysial.

There is danger in thinking of the hypothalamus

as a distinct and isolated structural entity. We have

seen that it has direct and indirect nervous connec-

tions with many other parts of the brain, including

the cerebral cortex, and from the functional view-

point it probaialy should not be considered as separate

from other diencephalic and lower brain-stem mecha-

nisms. We have already seen how the hierarchy of

autonomic mechanisms is functionally interrelated

in the spinal cord and lower brain stem. The so-called

autonomic phenomena with which the hypothalamus

seems especially concerned are also related to other

parts of the forebrain, as well as the mid- and hind-

brain, and hypothalamic functions are probably

largely integrative. The hypothalamus, then, fits

into large schemes, some of which are not exclusively

autonomic and which involve certain patterns of

behavior, including sleep-waking phenomena and

some aspects of emotional activity.

Analysis of the participation of the hypothalamus

in autonomic activities began with the work of

Karplus and Kreidl who, as early as igog, studied the

effect of stimulating the wall of the third ventricle in

animals. In recent years various modifications of

this approach, as well as the use of experimental

lesions, have been reapplied many times in carnivores

and primates, including man, by such investigators

as Hess, Ranson and many others. To summarize

briefly, readily elicitable and observable responses

to electrical stimulation include: elevations of arterial

pressure, cardiac acceleration, dilatation of the pupils,

sweating, piloerection, hyperglycemia and cessation

of gastrointestinal movement. The responses obtained

are not exclusively sympathetic, however, for with

different forms of electrical stimuli (68, 69), and

especially from the more anterior regions, para-

sympathetic phenomena may be produced. These

include bladder contraction, increased gastrointestinal
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motilitv, cardiac depression and vasodilatation. While

attempts have been made to delineate separate para-

sympathetic and sympathetic areas in the hypo-

thalamus (20, 21), there appears to be considerable

mingling of the elements responsible for these re-

sponses throughout the hypothalamus. Responses

are in general most easily obtained from the lateral

hypothalamic area, which is relatively rich in fibers

and poor in neurons.

Granted that these striking results may be obtained

by stimulation of the hypothalamus we would not be

justified in assigning to this region the predominant

role in producing such effects in normal life. Similar

results can be obtained from stimulating many other

regions, including the limbic and orbitofrontal re-

gions of the cerebral cortex, as well as the motor areas

of the frontal lobe. Nevertheless, these responses are

most easily provoked from the hypothalamus. When
they are obtained by stimulation of this region in

unanesthetized animals, the sympathetic components

are usually associated with patterns of behavior which

have all the appearance of rage and fear (73, 75, 92).

This type of observation in man has been rare and

restricted, Ijut cardiac acceleration has been ob-

served upon electrical stimulation of the anterior

part of the human tuber cinereum (173). While

cardiac depression followed stimulation of the pre-

optic area, there were no signs of emotional stress

but rather a tendency to drowsiness and unconscious-

ness. In other cases, however, in which the walls of the

third ventricle were manipulated at operation or were

irritated by small tumors, violent autonomic dis-

charges have been seen, sometimes accompanying

manic behavior (40, 130). Recently Segundo and

his co-workers have stimulated the fornix and the

wall of the third ventricle in human patients and ob-

served expiratory apnea and occasional clouding of

consciousness from the fornix while stimulation of the

wall of the third ventricle produced polypnea.

Assuming that the hypothalamus participates in

the initiation of such specific autonomic effects, it is

easy to see how certain of these alone or in combi-

nation may take part in more general functions.

These include regulation of body temperature, regu-

lation of some activities of the posterior and anterior

lobes of the pituitary, regulation of appetite and

perhaps thirst, reinforcement of the waking state,

facilitation of somatic motor activity, and integration

of the behavior patterns of certain emotional states.

Brief discussions of these follow.

BODY TEMPERATURE CONTROL. Complete destruction

of the hypothalamus in lower mammals and in man

practically abolishes all temperature control and
allows the body temperature to fluctuate with en-

vironmental variations. Destruction of the anterior

part of the hypothalamus (the preoptic and supra-

optic regions) abolishes the heat loss mechanisms

which include peripheral vasodilatation, sweating

and panting (139). Subjects are unable to defend

themsehes against high environmental tempera-

ture; the posttraumatic and postoperative hyper-

thermias which follow injury to the base of the brain

are in this class. It has been shown experimentally

that heating the blood which bathes this area elicits

the usual heat disposal responses, and the descending

nervous pathways in\olved have been described

(106). Heat production and conservation are con-

trolled by more caudal regions of the hypothalamus,

but precise location of the structures in\ol\ed is not

yet possible. Since bilateral lesions in the posterior

regions of the hvpothalamus also involve the de-

scending paths tor heat disposal, such lesions are as

effecti\e in producing poikilothermia as is complete

hypothalamic destruction. A careful attempt to segre-

gate the various mechanisms for temperature regu-

lation was made by McCrum (113). While it was

confirmed that the heat disposal mechanisms are

largely concentrated in the anterior part of the hypo-

thalamus, it was also found that there is considerable

intermingling of the 'thermostatic' neurons and it is

impossible to draw a sharp line of distinction between

separate areas. Birzis & Hemingway {28) have found

that the lateral hypothalamic area participates in the

e\okation of shixering. The descending pathway

mediating shi\ering descends through the midbrain

just lateral to the red nucleus, into the lateral part of

the reticular formation of the midijrain, pons and

medulla oblongata, and into the lateral funiculus of

the spinal cord. Inhiljition or suppression of shiver-

ing may be produced by stimulation in the hypo-

thalamus and midi)rain, the most sensitive area being

the preoptic region. Hemingway and his co-workers

(72) propose that this effect is a means for suppression

of shivering when the musculature is needed for

skeletal moxement. Perhaps this mechanism par-

ticipates in the inhibition of shivering which occurs

upon stimulation of peripheral nerves as shown by

Boyarsky & Stewart (31). Further discussion of the

nervous mechanism of temperature regulation may
be found in C'hapter XL\"I of this work ijy Strom.

.Since the basal metaliolic rate is involved in heat

production, it may be mentioned that basal me-

tabolism falls after destruction of the hypothalamus.

It has also been shown that activation of the thyroid

during exposure to cold is a function of the hypo-
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thalamus (160). These functions arc undoubtedly

conjoint with the anterior pituitary, and Bogdanove

& Halmi (29) have shown that bilateral lesions in

the anterior part of the hypothalamus suppress the

formation of thyrotrophic hormone by the former and

block the goitrogenic effect of thiouracil.

HYPOTHALAMICOHYPOPHYSIAL RELATIONSHIPS. It is

certain that not all functions of the hypophysis are

under nervous control, especially those of the an-

terior lobe which is able to respond to chemical

feed-back mechanisms such as changes in blood

concentration of various hormones from other en-

docrine glands. It is also likely that such nervous

control as exists may vary in different animal forms.

There is, however, evidence of nervous participation

in the regulation of the functions of both of the chief

lobes. Chapter XXXIX of this work is de\oted to

this subject.

a) The Posterior Lobe. The posterior loije is chiefly

concerned with water metabolism, although a sub-

stance which promotes contraction of smooth muscle

is also formed within it. An antidiuretic hormone

which promotes reabsorption of water in the distal

convoluted portion of the renal tubule against the

osmotic influences of the blood is formed and re-

leased in the posterior lobe and its stalk. Production

of this powerful substance depends upon the integrity

of nerve fibers which originate from the supraoptic

nucleus. There have been two theories concerning

the production of this hormone. The first proposes

that nerve impulses conveyed by fibers of the supra-

opticohypophysial tract bring about the production

and release of the antidiuretic hormone by the

pituicytcs which are glia-like cells peculiar to the

posterior lobe. Against this theory is the fact that

after degeneration of the supraopticohypophysial

tract there is no change in the characteristics of these

cells.

Another theory, supported by Scharrer (147) and

others, proposes that the neurons and fibers of the

supraopticohypophysial tract actually form and

secrete the hormone. This theory is based in the

first place upon the occurrence of a stainable sub-

stance within the cell bodies and axons of these

neurons. This neurosecretory suiistance may be

a forerunner of the antidiuretic hormone, it may be a

carrier for the antidiuretic hormone or it may inter-

act with the pituicytes in the production of the anti-

diuretic hormone. This hormone has ijeen extracted

from the supraoptic region of the hypothalamus, and

sectioning or occlusion of the pituitary stalk produces a

damming back of the secretory material which ordi-

narily is presumed to work its way out along the

axons to the fiber endings. While the neurosecretory

material has not been positively identified with the

antidiuretic hormone, some histochemical attempts

have been made to check this possibility. Barrnett

(17) found disulfide groups in the hypothalamico-

hypophysial fibers in the stalk and in the infimdibular

process in dogs and rats. In extracts of the neuro-

hypophysis, insoluble pituitrin also stained for di-

sulfides. Sloper (155) and Adams & Sloper (i) have

recently advanced histochemical evidence that the

neurosecretory material has a close similarity to the

cyclic octapeptides of du Vigneaud. While not com-

pletely proved, the neurosecretory theory is extremely

attractive and fits \ery well with modern ideas con-

cerning the regulation of urine output, including the

phenomena of diabetes insipidus. The subject is

further considered in Chapter XL of this work by

Ortmann.

There is now ample evidence that diabetes in-

sipidus, which is characterized by excretion of large

quantities of dilute urine, is due to degeneration of

the supraopticohypophysial system, to interruption

of these ncr\'e fibers high in the pituitary stalk, or

to the destruction of the posterior lobe together with

the stalk (51). Experimental findings in aniinals have

been amply confirmed by observations on human

patients (67). If all sources of antidiuretic hormone

are completely eliminated, diabetes insipidus will

occur even if the anterior lobe of the pituitary is

absent; but polyuria is never maximal under these

circumstances. A maximal polyuria depends upon

normal levels of metabolic activity throughout the

body, and these depend upon normal anterior lobe

function. Diabetes insipidus in itself is probably not

associated with abnormalities of salt metabolism.

The latter may occur, however, with other types of

lesions of the hypothalamus which depress the ap-

petite for fluids. Application of the neurosecretory

theory to this condition accounts for the survival of

the pituicytes in otherwise degenerated infundibulo-

hypophysial structure.

There is excellent evidence that the rate of pro-

duction of antidiuretic hormone varies in accord with

changes in osmotic pressure of the blood (161).

Increase in the osmotic pressure of the blood which

supplies the supraoptic nuclei increases the activity

of these neurons and increased amounts of anti-

diuretic hormone are released to ineet the need for

water conservation. It is interesting to note in this

connection that the paraventricular and supraoptic

nuclei have an exceedingly rich blood supply. Verney

has hypothecated the existence of osmoreceptors in
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this part of the hypothalamus and Jewel (89) has

described neurons in the supraoptic nuclei which

contain large vesicles, the contents of which are not

known. However, one questions whether tlie existence

of such osmoreceptors is necessary if these neurons

resemble functionally those of the respiratory mech-

anism in the medulla in being sensitive to changes in

the ambient fluids. There is also evidence that the

activities of the supraopticohypophysial system may
be modified by nervous means. In the stress produced

by noxious stimulation there is an increased produc-

tion of antidiuretic hormone (120), and it is very likely

that its production and release may be modified by

psychic influences.

The paraventricular nucleus has recently been

associated with the production of oxytocin by Olive-

crona (127). After bilateral destruction of the para-

ventricular nuclei in rats by small lesions no oxytocin

was produced. These lesions had no effect on the

production of vasopressin nor on the thyrotrophic

and adrenotrophic activities of the anterior lobe.

That the oxytocin also proceeds along the nerve

fibers into the posterior lobe is indicated by the

findings of Moreno et al. (123) who found that ex-

tracts of the tuber cinereum made soon after hypo-

physectomy in rats showed oxytocic potency twice as

high as that observed in tuber extracts of animals

hypophysectomized after being killed.

b) Anterior Lobe. The neural control of the anterior

lobe of the pituitary has provided the subject matter

for a fascinating current chapter in neuroendocrine

physiology. This subject has been reviewed recently

by Harris (70), Fields et al. (50), Benoit & Assen-

macher (22), Hume & Wittenstein (81 ) and is

discussed in Chapter XXXIX of this work by Harris.

However, for the sake of completeness a brief com-

ment on this relationship will be included here.

It is well known that massive lesions of the hypo-

thalamus tend to depress general anterior lobe

functions. More discrete lesions in lower animals

produce changes in the sex cycle. Thus lesions in the

anterior region may be followed by prolonged cycles

or even constant estrus, while posterior lesions abolish

the cycles. In animals which ovulate only after copu-

lation, lesions of the pituitary stalk or of the tuber

cinereum prevent ovulation. Apparently the neuro-

mechanisms producing ovulation in tliese forms

work through the hypothalamus. The route by which

the anterior lolje could be affected by these pro-

cedures poses a troublesome question because prac-

tically no nerve fibers pass from the hypothalamus to

the anterior lobe. There is, however, good evidence

for the existence of a venous portal system through

which hormone-like chemicals released into the

l>lood by iiypothalamic secretory neurons may be

brought into contact with anterior lobe cells (66,

175). While tlie primary blood supply of the hypo-

thalamus and that of the hypophysis are anatomically

distinct, the hypophysial arteries supply a capillary

network of the median eminence of the stalk of the

pituitary from which a system of veins is in turn

formed. These veins communicate eventually with the

sinusoids of the anterior lobe. In the neurosecretion

theory it is held that neurohumoral substances, pro-

duced by hypothalamic neurons and released from

the processes of these neurons, enter the blood of the

capillaries of the stalk and median eminence. After

passing through the portal channels, they exert

direct chemical effects tipon the gland cells of the

anterior lolje. These humoral substances, which

apparently are adrenergic, when released in suffi-

cient quantities into the portal blood stream are thus

proposed to induce the formation or release of ap-

propriate anterior lobe hormones.

While much evidence exists for the neural regula-

tion of both gonadal and adrenocortical functions of

the pituitary, it remains to be seen whether other

hypophysial activities may also be influenced by the

hypothalamus. Thus we may ask if excessive anterior

lobe secretion may be so produced by neurohumoral

stimuli that diabetes mellitus, acromegaly, gigantism,

hyperthyroidism and exophthalamos can result. In

this connection, it should be recalled that thyroid

activation by cold is brought al:)out through hypo-

thalamicohypophysial activity. Thus lesions in the

anterior part of the hypothalamus in rats depress the

thyrotrophic function of the anterior lobe, and it has

already been mentioned that such lesions block the

thiouracil effect upon the thyroid (29). A curious

aside here is the fact that after such lesions there is a

remarkable increase in mitotic activity in the com-

pletely mysterious pars tuberalis of the pituitary.

While considering lupothalamic-pituitary re-

lations carljohydrate metabolism should be men-

tioned. The important role of the anterior lobe as a

regulator of sugar metabolism needs no elaboration

here. While the participation of the hypothalamus

in such affairs has been somewhat uncertain, changes

in carbohydrate utilization ha\e been noted clini-

cally in many cases of hypothalamic disease; and

there is good evidence that in animals certain hypo-

thalamic lesions may alter the course of experimental

diabetes mellitus so that insulin requirement is re-

duced (43, 84). Lesions in the posterior part of the
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hypotlialamus and perhaps in the upper part of the

midbrain may lead to an increased sensitivity to

insuHn (157). Since profound disturbances in growth

occur in rats with such lesions, some evidence is added

that the anterior hormone concerned with carbo-

hydrate metabolism is related to the growth hor-

mone; and the administration of the growth hormone

appears to reduce the insulin sensitivity of experi-

mental animals with hypothalamic lesions. The lesions

which ameliorate experimental diabetes meliitus or

increase sensitivity to insulin may be widely varied

and scattered, and careful examination of these

lesions in the hypothalamus in a large number of

animals by the author and his colleagues has not

presented any evidence of specific localization. The

results suggest, however, that hypothalamic injury

may disturb the production or release of such pitui-

tary principles as are concerned in carijohydrate

metabolism.

Hxpntlwlnmus and Behavior

We are here concerned with such types of behavior

patterns as are involved in sexual activity, the secur-

ing of food, generalized emotional responses and

states of wakefulness and sleep.

SEXUAL BEHAVIOR. There are cases, both clinical and

experimental, in which sexual behavior is abnormal

or deficient even in the presence of an intact pituitary

and gonads. Experimental work indicates that the

estrual iiehavior pattern does not appear in animals

in which the caudal portion of the hypothalamus,

plus the upper part of the midbrain, have been de-

stroyed despite administration of pituitary or gonadal

hormones in cjuantities sufficient to arouse sexual

behax'ior in normal animals (13). Normal patterns

of sexual activity may appear upon hormonal treat-

ment after removal of the neocortex and much of the

olfactory areas, however. In human individuals, cases

of idiopathic amenorrhoea and frigidity have fre-

quently been ascribed to emotional disturbances

which may possibly interfere with hypothalamic

activation of the pituitary (6). It has been noted

abo\e that sufficiently extensive lesions of the poste-

rior part of the tuber may produce gonadal atrophy.

It must not be forgotten that normal sexual behavior

depends upon neural patterns activated or otherwise

influenced by appropriate hormones. This subject is

considered further in Chapter XLIX of this volume

by Sawyer.

.\PPETITE .^ND OBESITY. The classical description of

adiposogenital dystrophy as a hypothalamic phe-

nomenon is very familiar and the term 'hypothalamic

obesity' has received much use. It is true that obesity

may be associated with hypothalamic disease, often

caused by encroachment by hypophysial tumors, and

so may genital dystrophy; but the two are not neces-

sarily inseparable. It is likely that both lower food

requirements and overconsumption of food contribute

to hypothalamic obesity. There is excellent evidence

that experimental lesions in the ventromedial portions

of the tuber in animals are associated with excessive,

even ravenous appetite and with hyperphagia which

result in extreme obesity if unrestricted access to food

is permitted (86). It is not clear whether this glut-

tonous disposition is due to changes in visceral activity

or whether satiety may be prevented, or appetite

released or facilitated by these lesions. The lesions

may be quite restricted and have been found invari-

ably to be within the boundaries of the ventromedial

nuclei. Striking evidence that this nucleus may be

concerned in appetite or satiety is presented by

Marshall et a!, (i 10) who injected gold thioglucose in

a certain strain of mice. This substance caused exten-

sive damage to the ventromedial nuclei with resulting

obesity.

If a balance exists between an inhibitory zone in

the ventromedial nucleus and a separate activating

mechanism for appetite, the question arises as to

where the latter may be located. Anand & Brobeck

(5) have presented evidence that i^ilateral destruction

of rather small areas in the lateral hypothalamic

region does away with appetite, and it has been known

for some time that extensive lateral and posterior

hypothalamic lesions are not consistent with volun-

tary taking of food. Larsson (loi) stimulated the

lateral hypothalamic regions in goats and produced

hyperphagia; during the actual stimulation, oral feed-

ing pattern movements were elicited. Forssberg &
Larsson (54) studied the distribution of certain in-

jected isotopes in the hypothalamus in hungry and fed

rats and found e%iclence for increased absorption of

such isotopes in this area in hungry animals. They

suggest that changes in the concentration of adenosine-

triphosphate and creatine phosphate in the region

may be a driving force for appetite.

A somewhat similar mechanism for drinking be-

havior has l:)een postulated. Andersson & McCann

(7, 8) found that stimulation in the dorsal hypo-

thalamic region in goats caused increased drinking

as well as evidence of milk ejection and antidiuresis.

They also found that certain lesions in dogs would

produce hypodipsia. Greer (66) also found that
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periodic stimulation of the hypothalamus in rats was

associated with increased drinking.

There is usually some decline in metaljolism and in

general bodily activity in animals with lesions of the

ventromedial nuclei but not enough to account for

more than a limited portion of the positive food bal-

ance because the obesity can be controlled to a great

degree by restricted diet. If the lesions are sufficiently

extensive, there may also be gonadal atrophy. On the

other hand, with restricted lesions the gonads may
remain quite normal. It is of considerable interest

that very frequently these obese and hyperphagic

animals develop a state of 'savageness.' Appetite and

thirst are considered in Chapter XL\'II of this

volume by Brobeck.

PATTERNS OF EMOTIONAL BEH.\viOR. It has long been

known that patients with lesions encroaching upon

the diencephalon occasionally have spells of senseless

crying or laughing unassociated with appropriate

subjective feelings. Neurosurgeons manipulating the

hypothalamic region in patients without general

anesthesia have noted manic outbursts. Stimulation

of suitable areas of the hypothalamus in unanesthe-

tized animals evokes an expression of rage accom-

panied by all the usual autonomic phenomena (74,

92) which quickly subside when stimulation ceases.

Such responses are most easily produced by stimula-

tion of the lateral hypothalamic area near the fornix.

Autonomic signs include pupil dilatation, horripila-

tion, and sometimes urination and defecation. It is

said that response patterns of this type do not become

conditioned, i:>ut there is recent evidence that animals

will attempt to avoid receiving stimuli of this type

(41). The response may be greatly reinforced if the

animal sees persons or objects at which it can be

directed and an actual attack may result.

Somewhat similar, but almost paroxysmal, rage

reactions may be observed in animals after removal of

large areas of the forebrain. Such behavior develops

in response to innocuous external stimuli, is ill-

directed, subsides quickly and has been called 'sham

rage.' Again all the usual autonomic components

accompany the somatic response (12). The complete

picture of sham rage does not appear unless the pos-

terior part of the hypothalamus is intact. Incomplete

rage may, however, appearafter massive iiypothalamic

destruction in animals with intact forebrains.

After relatively restricted bilateral lesions in the

region of the ventromedial nuclei, animals may be-

come extremely, chronically and incurably savage,

developing a malevolent attitude towards men and

other animals which is not unmixed with fear reac-

tions (86, 172). During times of violent affective

response, all usual overt signs of autonomic discharge

are seen. When undisturbed, the activity level is sub-

normal. Animals with such behavior frequently show

gluttonous appetites as mentioned previously and

become very obese, but this is not an invariable corre-

late of the changed behavior pattern.

VVe have here a situation in which loss of the fore-

brain and the presence of the hypothalamus predis-

poses to senseless rage responses to mild stimuli while,

on the other hand, appropriate lesions of the hypo-

thalamus in otherwise intact brains effect a complete

change in attitude and personality, typified by well-

directed defensive and offensive attitudes, and

crowned by the appearance of extreme anger with all

of its autonomic correlates. This pattern of disturbed

personality and behavior following restricted basal

lesions may be considered as a true organic psychosis.

The locations of the mechanisms released by these

lesions have not been determined and the areas in-

volved may be extensive. Hunsperger (83) has found

that lesions of the periaqueductal gray matter prevent

the occurrence of the rage pattern in response to

hypothalamic stimulation. \Vhether this involves

simply a descending pathway for the total pattern

response is not clear. The rage and savageness asso-

ciated with ventromedial lesions has not as yet been

found to be prevented by lesions of the piriform areas

which ordinarily produce very bland and tame ani-

mals (149). Nor does administration of ataractic

drugs eliminate the savageness. It is interesting that

brain injuries in this region in man are often asso-

ciated with personality changes and swings of mood
between euphoria and depression, aggressiveness,

Korsakoff-like responses (140) and paranoid delu-

sions. The operation of prefrontal lobotomy for de-

pressed and withdrawn psychotic patients has been

in part predicated on release of hypothalamic influ-

ences from suppression exerted by the prefrontal

cortex. On this basis efforts have been made to oi)tain

similar results by producing bilateral lesions in the

dorsomedial thalamic nuclei in such patients (156,

176). It will be recalled that the latter nuclei partici-

pate in communication between the frontal lobe and

hypothalamus.

If alterations in emotional behavior patterns can

result from disturbed hypothalainic-forebrain circuits

or from restricted lesions within the hypothalamus,

what happens to the emotional patterns if the hypo-

thalamus is destroyed or its descending efferent ele-

ments are destroyed or interrupted? In higher mam-
mals destruction of the hypothalamus produces a

somnolent, semicomatose animal with profound lack
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of motor initiative, loss of appetite and serious defects

of visceral function and body temperature control

(85, 87). The animals can be aroused from the som-

nolent state for brief intervals and rough handling

may evoke defensive behavior at times. Survival time

is relatively short, in terms of days or weeks, even with

careful nursing. Lesions restricted to the posterior

part of the hypothalamus which interrupt the de-

scending and ascending fiber connections yield a simi-

lar picture, with the somnolence and loss of affective

response being especially marked. If there is also

involvement of the upper end of the adjacent mid-

brain in cats, motor activity may be greatly depressed

and spastic states ensue. These animals may retain

their somnolence for some weeks but may finally

have periods of wakefulness, especially when unfed, or

when bowel and bladder are full.

Experimental lesions invohing the rhinencephalic

(limbic) systems have also produced marked disturb-

ances in behavior (14, 98, 149). Thus lesions of the

piriform areas in a wide variety of species have been

found to produce bland, tame, often hypersexual

animals (149). Other regions nearby have been de-

stroyed by Bard & Mountcastle (14) and the subse-

quent dex'elopment of savage behavior described. It

will be recalled that important functional connections

exist between the limbic system and the hypothal-

amus. Many of these connections are multisynaptic,

although some direct connections from the amygdala

have been described, chiefly by way of the stria termi-

nalis. A very well-known and conspicuous connection

is provided by the fornix which arises from the hippo-

campus, ends in various places in the hypothalamus,

but especially in the mammillary body, which is then

connected with the anterior thalamic nuclei by the

mammillothalamic tract. This thalamic region is con-

nected with the anterior part of the gyrus cinguli. In

our experience, bilateral lesions of the fornix and of

the mammillary bodies in cats hav-e not led to any

very striking behavior change except perhaps an in-

creased euphoric response to petting. However, in

man, lesions of the mammillothalamic system have

been described in cases of Korsakoff's syndrome (140).

The physiology and autonomic relationships of the

limbic and associated systems are discussed in Chap-

ters L\T, LVII and L\ III of this work and, there-

fore, need no further consideration here.

stimuli are used. It is well-known that the pathological

sleep of encephalitis lethargica may be associated

with lesions of the walls of the third ventricle and

upper end of the central gray of the aqueduct. The
subject of sleep has an extensive literature and the

present consideration must be very brief. Philosophi-

cally speaking, it seems that attention should be

directed at the state of wakefulness, for sleep is, in

part at least, just a condition which occurs in the

absence of wakefulness. The factors which contribute

to maintenance of wakefulness are extrinsic and in-

trinsic. Extrinsic factors involve streams of afferent

impulses derived from exteroceptive and interocep-

tive stimuli. When the number or intensity of such

impulses is sufficient, activation of the cerebral cortex

necessary for the waking state is produced. This

change in cortical activity is well shown by the

arousal or activation type of change seen in the

electrocorticogram. These streams of direct afferent

impulses may be maintained by a variety of types of

stimuli: light, sound, pressure, heat and cold, disten-

tion and the like. It is obvious that the intensity of

such stimulation will vary, even as the sun rises and

sets or as the urinary bladder fills and empties. These

cyclic variations and extrinsic stimulation may ac-

count in part at least for a diurnal periodicity of sleep.

However, one should not forget that experimental

animals deprived of the corte.x seem to show alternat-

ing periods of sleep and wakefulness of a sort, although

just what kind of awareness is possible in these animals

is difficult to imagine (97).

'Intrinsic' influences acting upon the cortex are

derived from subcortical structures. These, of course,

are in turn affected by afferent impulses, metabolic

changes and other changes of the internal environ-

ment. The intrinsic factors are necessary to maintain

the wakefulness which is possible at low levels of ex-

trinsic stimulation and must pla\' very important

roles indeed; for when the areas of the brain contain-

ing these crucial regions are disabled, sleep ensues in

spite of normal levels of extrinsic stimulation. Magoun

(105) and his co-workers have developed the idea of

an activating system in the reticular formation of the

brain stem responsible for cortical wakefulness. The

role of the reticular system in this matter is discussed

in Chapter LI I of this work by French. Sleep is con-

sidered in Chapter LXI\' written by Lindsley.

SLEEP-WAKING MECHANISMS. As has been noted, experi-

mental lesions of the posterior part of the hypothal-

amus produce somnolence and deep sleep. This sleep

has many characteristics of normal sleep in that it is

to a certain extent reversible if sutticiently strong

OTHER DIENCEPHALIC RELATIONSHIPS. Diencephalic

and preoptic lesions have been noted to be associated

with gastric erosions which approach severe ulcera-

tion and also with pulmonary edema. The gastric

erosions are a manifestation of a fairly general dis-
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turbance of the gastrointestinal tract due to autonomic

imbalance (see also Chapter XLV by Eliasson).

The occurrence of pulmonary edema raises a num-

ber of questions. It has been found experimentally

that preoptic lesions in rats are followed by edema of

the lungs, and mid-line lesions dorsal to the chiasm

seem to be the most effective (io8, 109). This edema

is not influenced by vagotomy, but it is prevented by

cervical spinal transection or section of the splanchnic

nerves. Maire & Patton suggest that the preoptic

lung edema results from overloading of the pul-

monary circuit owing to splanchnic-mediated con-

striction of visceral venous reservoirs, since the liver

and spleen weights of animals dying from lung edema

are significantly less than normal.

The hypothalamus is known to participate in so-

called stress reactions. Using eosinopenia as an index.

Porter (137) found that the response to epinephrine,

formalin and histamine in the cat was prevented by

lesions in the posterior part of the hypothalamus but

not by anterior hypothalamic lesions. He also found

that direct stimulation of the tuberal and mammillary

areas produced eosinopenia. Prcsumablv these effects

are mediated through the anterior lobe of the pitui-

tarv. Mirsky et al. (120) found that noxious stimula-

tion brought about increased production of anti-

diuretic hormone in rats. This was also true after

hypophvsectomy; presumably the sources of the

antidiuretic hormone were the neurons of the su-

praoptic nucleus. Mirsky suggests that possibly the

antidiuretic hormone may participate in the neuro-

humoral activation of the anterior lobe [cf. Martini

et al. (ill); Chapters XXXIX and XL of this work].

McCann & Sydnor (112) were able to prevent the

rise of blood ACTH which ordinarily occurs during

stress by lesions which interrupted the supraoptico-

hypophysial tract. There may be a question here,

however, as to whether the lesions of the supraoptico-

hypophysial tract did not also interrupt the hypo-

physial portal system of \eins.

CEREBR.'^L .^ND CEREBELL.XR .AUTONOMIC MECH.\NISMS

A fairly extensive literature substantiates the par-

ticipation of the cerebral cortex in autonomic activi-

ties. A number of comprehensive reviews are avail-

able, including those of Fulton (56) and Kennard

(96). Other key references are Pinkston et al. (133),

Pinkston & Rioch (134) and Hoff (78). The subject

is discussed also in Chapters -L\T, LVII and LVIII

of this work. The observations upon which this litera-

ture depends have been made upon patients in the

clinic and upon experimental animals. Physicians

have long been aware of the fact that following the

onset of hemiplegia the paralyzed extremities of a

patient show vasodilatation which later subsides as

the skin becomes paler and colder and increased

sweating appears. There is sometimes increased per-

meability of the capillaries with resultant edema.

Many experimental observations have been recorded

but no attempt will be made to summarize them here

except in a very general way, bringing into considera-

tion only a few relatively recent observations.

Autonomic effects which may be elicited by stimu-

lation of the nonrhinencephalic cortex seem to be

most easily elicited from the frontal lobes, especially

from the anterior part of the motor area and extend-

ing into areas 6 and 8. From the latter, the frontal eye

fields, pupillary changes may be elicited; and it is in

connection with the pupil that an exception exists so

far as localization is concerned because constriction

can be produced in cats by stimulation in the occipital

region. Vascular changes in response to cortical

stimulation of the neopallium most commonly result

in increase in arterial pressure, and lesions of the same

areas in animals tend to produce a chronic vasodila-

tation. Howe\er, Uvnas (103) and his collaborators

have presented evidence for a sympathetic vaso-

dilator outflow originating in the motor cortex of the

dog, with relays in the hypothalamus and midbrain.

Uvnas discusses this system in detail in Chapter XLI

V

of this work.

Changes in activit\' ol the sweat glands may also

be produced bv stimulation of the motor areas in

animals, as indicated by the galvanic skin reflex of the

contralateral side. Increased sweating may appear

contralateral to lesions of the frontal lobe, while a

persistent piloerection may follow bilateral removal

of area 6 (96). Extensive bilateral lesions in the para-

central lobule result in loss of bladder control.

Respiratory changes are most readily obtained by

stimulation of the orljitofrontal cortex, and psychic

influences on respiration as well as on salivation and

other autonomic phenomena are well-known.

Generally speaking, there is a fair amount of dis-

crete localization of autonomic areas in the motor and

premotor regions, usuallv in fairly close relation to

corresponding somatic representations. Kennard sug-

gests that such control as may exist from these areas

is that of regulation of finer autonomic adjustments;

when this control is lost, there is loss of inhibition and

there may be, as a result, overreactivity. Recently,

autonomic effects from other regions of the cortex
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have been found by HoHnian & Rasmussen (80).

Stimulation of the insular cortex in the monkey pro-

duced a fall in arterial pressure, inhibition of respira-

tion in expiration, decrease in tonus of the stomach

and inhibition of gastric peristalsis, the two latter

being eliminated by section of the vagi. Stimulation

of the insular region in man also gi\es some indication

that this area is concerned with \isceral functions

(131, 132).

It has already been mentioned that the cortex has

extensive fiber connections, mostly indirect, with the

hypothalamus and lower regions of the brain stem.

An extensive discussion of these connections is to be

found in Mitchell (121), although some of the evi-

dence cited has not been substantiated (9). However,

the functional connections are rich, and Rossi &
Brodal (141) have found corticofugal fibers passing

from the cortex to the reticular formation of the pons

and medulla, with the motor area as the chief con-

tributor. These fibers, descending in the pyramidal

tract, provide a nonhypothalamic route for influenc-

ing somatomotor and autonomic functions.

The question arises as to what extent autonomic

responses evoked from the cerebral cortex are me-

diated through the hypothalamus. Landau (100)

approached this problem by stimulation of the corti-

cospinal tract in the medulla, producing sweating,

changes in arterial pressure and pulse rate, contrac-

tion of the bladder and of the stomach, pupillary

changes, and piloerection. In his opinion the cortex

can influence most autonomic functions by way of the

spinal cord, separately from the hypothalamus and

its pathways, and he proposes the predominant eflfect

on visceral function to be one of facilitation of activity

patterns which are essentially determined at spinal

and peripheral levels. Wall & Davis {165), by excit-

ing the cortex after removal of surface afFerents by

section of the trigeminal nerves, found that stimula-

tion of the sensorimotor cortex, the anterior part of

the gyrus cinguli, the posterior orbital cortex, the

anterior part of the insula and the anterior part of

the temporal lobe produced arterial pressure changes.

Responses elicited from the sensorimotor area were

independent of the hypothalamus and could be

abolished by section of the pyramid. They also ob-

served that the temporal lobe responses did not de-

pend upon the hypothalamus. Responses produced by

stimulation of the posterior orbital cortex and the

insula were abolished by destruction of the hypo-

thalamus; however, some respiratory responses

remained.

Some other interesting observations have recently

been presented by Hoff el al. (79) who found that

stimulation of the anterior sigmoid gyrus in cats

causes an elevated arterial pressure plus a renal corti-

cal ischemia, the latter being prevented by renal

denervation. Upon repeated stimulation, fatty de-

generation and, later, lower nephron nephrosis

occurs due to chronic vasoconstriction. On the other

hand, Johnson & Browne (90) found that ablation of

autonomic cortical zones had no effect on the arterial

pressure in dogs witli chronic renal hypertension, the

reason probably being the multiplicity of cortical

areas concerned with vasomotor functions.

The influence of cortical extirpation upon emo-

tional responses has already been mentioned, but this

is no place for an extensive discussion of this topic

which is the subject of Chapters LXIII and LXIX.
It will be recalled, however, that decortication in

animals has been said to lower the threshold for rage;

and since rage phenomena are closely associated with

outbursts of autonomic activity, this relationship

becomes of interest. However, Rothfield & Harman

(142) found that such a lowering of the rage threshold

by decortication was depetident upon concomitant

interruption of the fornix and postulated that inhibi-

tory influences pass from the rhinencephalon to the

hypothalamic 'rage integrating center' via the fornix.

If confirmed, this will add support to the Papez

theory of the anatomical basis for emotions.

A great deal of detailed work has been done re-

cently concerning the activities of the rhinencephalic

areas, including the amygdala and piriform lobe,

hippocampus, gyrus cinguli and subcallosal regions.

The functions of these areas will be thoroughly dis-

cussed in Chapters L\T, L\'II and LVTII of this

work, and it is sufficient to state here that these areas

have important relationships to autonomic function,

some of which may be carried out in collaboration

with the hypothalamus, as has already been men-

tioned. Some similarity of the effects of lesions in the

amygdaloid nuclei and lesions in the hypothalamus

has been claimed. For instance, Morgane & Kosman

(124) have reported that hyperphagia follows bilateral

amygdaloidectomy in cats, a finding in variance with

that of Anand & Broljeck (5) who found no change in

food intake but simply decreased activity. There is a

possibility that rhinencephalic structures may be inter-

mediary in the activation of the anterior hypophysis

through the hypothalamic route. Sawyer {146) found

that the release of pituitary gonadotrophin produced

by intraventricularly injected histamine in rabbits is

probably due to excitation of rhinencephalic path-

ways and not to direct action on the adenohypophysis.



974 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

The rhinencephalic structures act in turn upon the

neurosecretory mechanisms of the hypothalamus.

In the past it has frequently been proposed that the

cerebellum participates in autonomic activities, but

most of these suggestions were not substantiated by

adequate evidence. For instance, in cases of stimula-

tion of the cerebellum it was not at the time possible

to guard against spread of current to adjacent medul-

lary and pontine mechanisms. The first work which

demonstrated with any authority that the cerebellum

may have an effect on autonomic functions was re-

ported by Moruzzi, starting in 1938 and summarized

more recently (125). Using cats with the brain stem

transected at the precollicular level, Moruzzi was

able to demonstrate inhibition of ijoth vasoconstrictor

and vasodilator reflexes. The same was also true for

the increased vasoconstrictor and respiratory activity

produced by ligation of the common carotid arteries.

Moruzzi also stimulated the cerebellum during fits

of sham rage. Here a remarkable effect, presumably

upon the hypothalamus, was produced, since the

somatic and autonomic manifestations of the sham

rage were immediately inhibited. /After cessation of the

stimulation, a characteristic cerebellar type of re-

bound manifestation was seen in that the somatic and

autonomic characteristics of the sham rage reap-

peared. Moruzzi also observed diphasic pupillary

responses upon cerebellar stimulation in which a

parasympathetic miotic effect during stimulation was

followed by a sympathetic mydriatic response during

the rebound period. To quote, "Apparently the cere-

bellum, or at least its median structures, can play

upon many central functions besides postural tonus,

but the diphasic response to an electrical stimulation

seems to be a permanent feature of all cerebellar

effects, as if the cerebellum were mainly concerned

with sending a sequence of inhibitory and facilitating

volleys to the brain stem neurons, the type of the

response depending upon the structure to which the

cerebellar impulses arrive"' (125).

More recently, Zanchetti & Zoccolini (177) stimu-

lated the fastigial nuclei of the cerebellum in acute

thalamic cats. Such stimulation caused outbursts of

the sham rage type, including autonomic effects.

These were also produced by stimulation of the mid-

line structures and from the buried folia of the tuber,

pyramid and uvula. Diencephalic centers were neces-

sary for these responses, since they were abolished by

rostral midbrain coagulation. Ban and his co-workers

(11) studied cerebellohypothalamic relationships as

revealed by electrical recording methods. There was a

marked increase in the frequency and voltage of the

EEG of the ventromedial hypothalamic nucleus,

together with sympathetic manifestations, when the

anterior lobe of the cerebellum was stimulated. That

of the lateral hypothalamic nucleus showed slight

increases in frequency. In the reverse direction, the

EEG of the anterior lobe of the cerebellum was also

increased in frequency and voltage by stimulation of

the ventromedial hypothalamic nucleus. Peripheral

autonomic responses produced by stimulation of the

lateral hypothalamic area were prevented by stimu-

lation of the cerebellar anterior lobe. The authors

postulate that the cerebellum not only modulates

autonomic activity at the level of the lower brain stem

but also may modulate the autonomic activities of

the hypothalamus.

One of the more striking evidences of cerebellar

participation in autonomic reflexes is presented by

the work of Bard et al. (15) who demonstrated that

motion sickness in dogs is prevented by excision of the

flocculonodular lobe of the cerebellum.

CONCLUSION

Central autonomic mechanisms exhibit a crescendo

of complexities. In the isolated spinal cord many of

the autonomic mechanisms are truly capable of auton-

omous activity. These reflexes resemble somatic re-

flex circuits in many ways, and are capable of anal-

ysis as to their synaptic relationships and reflex times.

They appear, under normal circumstances, to be

subject to facilitatory and inhibitory influences from

higher areas, and here some restriction of their auton-

omous status appears. There is also good evidence

that these spinal circuits may be capable of project-

ing to the higher regions, even as high as the cerebral

cortex, over definite afi'erent pathways by which they

may bring the modulating feed-back influence of the

higher regions into action. Separated from the higher

brain, these segmental mechanisms function only for

the needs of the moment. They are largely incapable

of functioning in the broad sense of maintaining the

homeostasis and homeokinesis of the body after the

influence of the brain has been removed by spinal

transection.

As we go on to the lower brain-stem complexes,

again we find circuits of different types so arranged as

to make feed-back and reverl)eration possible, making

use of the innumerable internuncial neurons of the

reticular formation for elaborating patterns of control
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of spinal autonomic activities. The focal points of a

number of these patterns of control seem to be highly

localized in the medulla oblongata. Here we can spot

them chiefly by picking up the points of efferent

flow. It has already been argued that the ordinary

concept of neural 'center" is hardly adequate for the

consideration of these neural patterns, which may be

extensive. These brain-stem autonomic circuits must

also have the capacity for feeding to the diencephalon

and cortex and of bringing into play at these higher

levels still further patterns of integration, which in

turn may feed back into the brain stem and cord.

Interactions between the somatic and autonomic

mechanisms must not be overlooked. It has been

clearly shown that these interactions are not only

present but exceedingly important. Changes in the

environment which affect initially the soma can be

brought into close relationship with autonomic re-

sponses as well. These somatovisceral and viscero-

somatic circuits are also modulated by influences

from higher regions. This modulation may be tonic or

it may be brought into play by ascending impulses

arising in these circuits.

The midbrain contains relatively few of the more

spectacular autonomic mechanisms, but through this

region a flood of ascending and descending impulses

pass, including those picked up by the reticular

formation from the great afferent pathways and passed

on in some fashion to activate and otherwise modify

the activities of the cerebral cortex. Here also we have

a set-up for chemical modulation; just as in the me-

dulla we find the activities of the respiratory and other

centers modified by changes in the blood, in the mid-

brain also we may find important effects by certain

hormones, such as epinephrine, through which the

complicated neural discharges characteristic of emo-

tional responses may be reinforced and prolonged.

In the diencephalon, autonomic functions are cen-

tered largely in the hypothalamus which is intimately

related to the reticular formation of the brain stem.

Here again we have focal areas, as in the medulla,

which can be artificially aroused to activity by direct

stimulation under laboratory conditions or which can

be destroyed and thus modify the total picture of auto-

nomic activity. This small region seems to be a cross-

roads for complicated circuits subserving patterns of

behavior, many of which appear to be primitive; but

also we have an organization capable of inhibiting

primitive reaction patterns, for example savageness

and rage. While the hypothalamus is necessary for the

maximum expression of rage, it also normally contains

some sort of arrangement which makes it possible for

the domestic animal to react more favorably to his

fellow animals. This is evidently true for man as well

as for the carnivore or ungulate.

The thalamus participates in this type of activity,

chiefly because it provides means of communication

between cerebral structures and the hypothalamus

and lower brain stem. The interactions of the cerebral

cortex and the thalamus in the integration of sensa-

tion have received much consideration from clini-

cians and physiologists, and newer findings on the

rhinencephalic or limbic portions of the hemisphere

and their participation in autonomic activities offer

great promise for advances, not only in the partial

elucidation of problems of einotional behavior but of

the regulation of the internal milieu of the organism.

It is evident that the farther we go and the more we
study, the more interactions are uncovered, for every-

thing which has been said in this chapter argues

against the concept that any portion of the brain

serves as an isolated structural or functional entity.

Specific participation of the sympathetic and para-

sympathetic divisions of the autonomic or vegetative

division of the nervous system in these processes has

received little emphasis in the foregoing paragraphs.

They nevertheless emphasize the fact that all levels

of the nervous system have a similar basic organiza-

tion. The concept of levels is valid only because it

expresses increasing potentialities for interaction and

integration. As one passes from the spinal cord

through the brain, the addition of increasing numbers

of neurons brings increasing possibilities for, and

probabilities of, interaction. Physiologically and

anatomically, we are beginning to have glimmerings

of the basic types of fundamental neural circuits.

However, who knows but what the concepts of 'cir-

cuits,' of 'feed-back' and of 'reverberation' may one

day seem to contemporary scientists as ridiculous as

the humoral theory of disease does to us. The latter

theory, however, marked a great advance in medical

and biological science, sufficient unto its day. One can

perhaps look forward to the time when the inter-

actions of peripheral ganglia, spinal cord, medulla,

pons, midbrain, diencephalon, cerebellum and telen-

cephalon will present to the scientist a unified and not

altogether incomprehensible picture, not constituted

of segmental moieties or theories of emotion or of the

laws of learning, but a system in which the vegetative,

the somatic and the psychic may be blended in their

true proportions. It will not be a simple picture.
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THE CLASSICAL EXPERIMENTS OF Langlev gave strong

evidence for the view that the peripheral autonomic

nervous system is principally organized as a two-

neuron pathway. Nerve cells situated in the central

nervous system give rise to fibers, the preganglionic

fibers, which run via cranial nerves and ventral roots

of the spinal cord to the peripheral autonomic ganglia

where they are synaptically connected to nerve cells

constituting the second neuron link. The axons emerg-

ing from the ganglia, the postganglionic fibers, then

give innervation to smooth muscle, heart and glands.

This conception of the general organization of the

autonomic nervous system is now—although severely

criticized by some neurohistologists—generally ac-

cepted in physiology.

Mainly on the basis of differences in the action of

drugs on the craniosacral and on the thoracolumbar

autonomic neuroeffector systems, Langley proposed

that these systems should be recognized as two differ-

ent divisions of the autonomic nervous system. He
therefore restricted the name sympathetic to the

thoracolumbar division and called the craniosacral

division the parasympathetic system.

As evidence accumulated that the autonomic nerve

fibers acted on their effector cells by liberating acetyl-

choline or an epinephrine-like mediator, a classifica-

tion of the fibers on this physiological basis was indi-

cated. Dale (91) proposed the names cholinergic and

adrenergic,. The classification of autonomic nerves

into sympathetic-parasympathetic and adrenergic-

cholinergic is now generally accepted anatomical and

physiological nomenclature.

Acetylcholine seems to be the synaptic transmitter

in sympathetic (145, 147) as well as in parasympa-

thetic ganglia (133, 340). Accordingly all pregangli-

onic fibers are cholinergic. There is good evidence

that the postganglionic parasympathetic fibers also

are cholinergic, but exceptions have been claimed

to exist (253). In general the sympathetic postgangli-

onic nerves have been shown to be adrenergic, but it

has become highly probable that the sudomotor

fibers in man and cat (93) and the v^asodilators to

voluntary mijscle in cat and dog (61, 153, 426) are

cholinergic. It has also been claimed that a fraction

of the sympathetic fibers to the nictitadng membrane

of the cat are cholinergic (12, 66). A detailed discus-
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TABLE I . Spinal Cord Segments Giving Rise

to Autonomic Outflows

Species
Thoracolumbar

Outflow Sacral Outflow

Man (341, 385) Ti-L2[Li or L'j^ S3[S2]-S4fS5]

Monkey (385, Ti or T2 — L3 or Si — S2[S3]

387, 449) L4[L5J

Dog (258, 311, T2[Ti] - S2[Si] - S3

383) L4[L5, L6;

Cat (258,385) Ti[T2] - L4[L5J S2[Si] - S3[S2]

Rabbit (258) Ti - L5

Figures in parentheses are reference numbers.

Rare variants in brackets.

sion of the autonomic transmitters appears in Chapter

\'II by von Euler in this work.

GENERAL ORGANIZATION OF PERIPHERAL

AUTONOMIC NERVOUS SYSTEM

Sympathetic Division

The preganglionic fibers arise from ner\e cells in

the intermediolateral column of the thoracic and

upper lumbar segments and leave the spinal cord

via the ventral roots to run through the white com-

municating rami to the trunk ganglia or to the pre-

vertebral ganglia. The upper limit of the preganglionic

outflow in man and various animals is Ti, but the

caudal extension is more variable (table i). Generally

the spinal centers for the sympathetic innervation of

structures sucli as the eye, the heart and the blood

vessels of the hand are located in two or more seg-

ments (table 2). \'ariations between aniinals of the

same species and asymmetry often exist and the pre-

ganglionic outflow can be markedly inconstant, es-

pecially in the lumbar region, as shown for the sudo-

motor and pilomotor fibers to the lower extremities of

man (202, 350).

On the basis of anatomical studies, it has been sug-

gested that nerve cells in the intermediomedial part

of the spinal cord also give rise to preganglionic fibers

which run up into the cervical and down into the

lower lumbar region (cf. 317). There is, however, no

physiological evidence for an autonomic outflow from

these parts of the spinal cord, and the anatomical evi-

dence is of speculative character only.

It has been claimed that autonomic efferent fibers

also emerge through the dorsal roots. The evidence

is mainly based on the well-known oljservations of

vasodilation mediated by dorsal root fibers (cf. 17,

T.\BLE 2 . Spinal Cord Segments Providing Sympathetic

Innervation to I 'arious Regions

Monkey Dog Cat

Eye T1-T4 (166) T1-T3 (258, T1-T3 (258)

C8-T3 (320) 320:) [C8]Ti-T2

(320)

Ti-T4[T5]

(166)

Submax- T1-T5 (258) T1-T5 (258)

illary

gland

Heart T2-T6 (373) T1-T5 (258)

T2-T5 (45, 69)

Bronchi T1-T4 (105)

Upper ex- T4-T8 (386)

treinity

Lower ex- T12-L3 (386) Ti 1-1.41386)

tremity

Forefoot T4-T10 (166

1

T4[T3j-T9-

fTioj (166,

257. 259. 260)

Hind foot T10-L3 (i66i Ti2[Tii]-L4

(166, 257, 259,

260, 336)

Figures in parentheses are reference numbers.

Rare variants in brackets.

155) and on tiie demonstration of intact nerve fibers '-'^

in the central stump after section of dorsal roots (cf.

384, 448). However, the anatomical evidence has

been found to be unreliable as the obser\ed unde-

generated fibers may be regenerating axons from the

distal stump (209, 398, 438). Moreover, the ratio be^

tween the cells in the spinal ganglion and the fibers^

in the dorsal root seems to be 1:1 (113, 214), and no

convincing neurohistological or physiological e\ idence

has been brought forth that there are synaptic struc-

tures in these ganglia. The physiological evidence for

the existence of efferent dorsal root vasodilators has

been severeh criticized by several investigators (cf.

1 52). Recent reinvestigation of the problem by Folkow I

et al. (155) has made the existence of such fibers .seem /

highly improl:)able.

The distribution and anatomical variations of the

white and grey rami and their fiber components have

been studied by several investigators (96, 311, 341,

385, 387) whose results on the whole confirmed the

observations of Langley. The existence of some post-

ganglionic pilomotor fibers in lumbar white rami

was already demonstrated by Langley (263). How-

ever, some findings of importance for physiological

research work have complicated the picture. Accord-

ing to Hare (190) the gre\" rami in some instances



PERIPHERAL AUTONOMIC MECHANISMS 981

may contain both pre- and postganglionic fibers and

Zuckerrnan (449) and Sheehan & Pick (341, 387) lia\e

shown that mixed rami are not uncommon. Further-

more, it has been shown by Wrete (445-447) and

other investigators (5, 341, 351, 392) that there are

intermediate ganglia^ located distally in the grey

£ami or in the proximal part of the spinal nerves

especially in the cervical and lumbar region (cf. 250).

Groups of ganglion cells are also distributed along the

internal carotid nerves and plexuses (36, 316).

Each preganglionic fiber belonging to the vaso-

motor and pilomotor systems runs, as shown by

Langley (263), either upwards (middle and upper

thoracic region) or downwards (lower thoracic and

lumbar region) in the svmpathetic trunk. Usually

each descending fiber makes connections with nerve

cells in three (cat) or four (dog) consecutive seg-

mental ganglia, the ascending fibers supplying as a

rule a greater number of ganglia. The fibers running

to the superior cervical, the stellate and the coccygeal

ganglia may, on the other hand, send all their

branches to one ganglion. The preganglionic fibers

from an entire white ramus have more extensive con-

nections and may activate as many as eight^ganglia

(265). Pathways for topographically more restricted

sudomotor discharge ha\e been demonstrated in the

cat by Patton (336).

It is generally as.sumed that a .single preganglionic

fiber is connected to postganglionic neurons belong-

ing to one efTector system only. Evidence for such an

organization has been gi\en for some fiber groups in

the cer\ical sympathetic (see the ne.xt section on fiber

types). Although the well-known observations of

dissociation of, for instance, vasomotor and sudo-

motor acti\ity in certain skin areas .suggest a func-

tional discreteness, on the whole more direct proofs

for this assumption do not seem to exist. On the con-

trary, it has been shown that preganglionic fibers giv-

ing collaterals to sudomotor neurons in the upper

sacral ganglia may descend to more caudally located

ganglia supplying other autonomic effectors (336).

The postganglionic outflow \ia grey rami to the

spinal nerves follows these nerves to the periphery,

giving innervation to segmental areas. These sympa-

thetic dermatomes correspond on the whole to the

sensory 368 (42, 169, 357, 359, 360, 444), but in

many instances a great variability exists in overlap

and in the area of autonomic innervation of each

peripheral nerve (188, 358). Furthermore, the areas

of sudomotor and of pilomotor supply from a given

ganglionic outflow inav not correspond (350).

Parasympathetic Division

The nerve cells giving rise to the cranial parasym-

pathetic are located in the general visceral efferent

column in the brain stem, and the preganglionic

fibers emerge via the third, seventh, ninth and tenth

cranial nerves. There is no general agreement about

the exact localization of the cells (167, 304, 319, 408,

409, 430, 432, 433).

The general organization of the parasympathetic

components in the third, seventh and ninth cranial

nerves is relatively simple compared with the sympa-

thetic system, each component connecting with

neurons in only one ganglion from which the post-

ganglionic fibers are generally distributed to locally

restricted structures only. In contrast to this, the

autonomic efferents of the vagusjiave a wide distribu-

tion and their connections with the intramural ganglia

of the thoracic and abdominal viscera are not as yet

fully understood.

Analysis of the origin and course of the vagal auto-

nomic efferents has met with several difficulties. One
severe obstacle has been that sensory fibers are the

dominating component of the vagus, a fact making a

quantitative determination of the number of the fine

preganglionic fibers difficult. Foley & DuBois (149)

showed that only 20 to 35 per cent of the total

number of fibers just distal to the jugular ganglion

are parasympathetic efferents in the cat. Evans &
Murray (136) found that the corresponding values

for the rabbit cervical vagus are 20 to 25 per cent and

that less than 10 per cent of the vagal fibers entering

the abdomen belong to the parasympathetic system.

Another oJKtacle has been that synipathetic fibers

join^t^ie^yagusto a variable degree (cf. 95, 319, 354).

In the rabbit, as shown by Evans & Murray, about

5 per cent of the total number (altogether about

26,000) of the fibers going to the abdominal viscera

remain intact after cervical vagotomy. They are

probably of sympathetic origin, but their destination

and function are as yet unknown.

Heinbecker & O'Leary (197) have claimed that

there are efferent neurons in the nodose ganglion

with both centrally and peripherally directed proc-

esses and with motor function for the bronchi and the

duodenum. Recent investigations (94, 136) have,

however, gi\en both anatomical and physiological

evidence that makes the construction of Bishop and

O'Leary both unnecessary and impossible to accept.

Although it may thus be regarded as firmly estab-

lished that the parasympathetic efferents in the vagus

nerve all emerge from the central nervous system,
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there are other prol)lems as yet unsolved. Langley

(268) had already pointed out the peculiarity that

relatively few preganglionic fibers were distributed to

such large territories as the esophageal and enteric

plexuses. It was not fully understood, however, what

a discrepancy exists in the proportion between the

preganglionic fibers and the postulated postganglionic

neurons, until Evans & Murray (136) obtained more

reliable quantitative data for the rai)bit vagus. Only

about 3000 efferent fibers from both vagi together

seem to enter the abdominal cavity, that is to say

about as many as the preganglionic fibers supplying

the ciliary ganglion in the cat (442). This stands in

sharp contrast to the number of enteric nerve cells

which probably amount to several million (cf. 223,

375)-

Several neurohistological studies have clearly shown

that preganglionic vagal axons enter the intramural

ganglia in the gastrointestinal canal probably making

synaptic connections with at least some of the nerve

cells (177, 180, 205, 251, 281, 402). It is often claimed

that the vagal fibers synapse with only one of the

cell types and that the other neurons are some kind

of associative elements connected with each other via

dendrites and axon collaterals. Even more detailed

constructions of the relations between the different

elements can be found in papers concerning gastro-

intestinal innervation (226). However, these state-

ments are based on interpretations of histological

structures. Many of the observed structures have not

as yet been conclusively shown to have either func-

tional significance or real existence in the living

tissues. Others may be accepted as having both at-

tributes but the interpretations concerning their func-

tions cannot be accepted as conclusive without further

evidence. (The difficulties inherent in the neuro-

histological methods are discussed later in the section

on autonomic effector junctions.) There does not exist

any view, generally accepted in neurohistology, of

the general organization of the pre- and postgangli-

onic elements constituting the enteric plexuses. The

neurohistological observations show, however, that

very complicated arrangements may exist. In physi-

ology it is generally assumed that the vagal pre-

ganglionic fibers synapse with enteric neurons which

give rise to postganglionic fibers innervating the

smooth musculature and digestive glands. It has been

suggested that .some of the postganglionic neurons

may be adrenergic (7, 323) or that they may have an

atropine-resistant transmitter of unknown nature

(144, 421). No evidence is as yet available that gives

any clue to an understanding of the intraganglionic

connections. There are rea.sons to believe, howe\er,

thai intrinsic nerv-ous mechanisms may play a role in

coordinating the more complex inovements of the

stomach and intestines (see the later section on auto-
I

nomic activities independent of the central nervous)

system).

The sacral parasympathetic emerges from cells in

the intermedial region of the upper or middle sacral

segments (Si to S3 or S2 to S4, table i ) and the pre-

ganglionic fibers run via the anterior primary division

of the corresponding sacral nerv-es to the pelvic

plexuses. They relay in ganglia in the pelvic plexuses

or in the intramural ganglia of the bladder and distal

colon. As for the vagal parasympathetic system, the

connections between the pre- and postganglionic

elements and the intrinsic nervous mechanisms are

on the whole unexplored.

It has generally been assumed that the pelvic

ganglia, except those supplying the internal repro-

ductive organs, belong to the sacral autonomic out-

flow only. An experimental analysis in the cat em-

ploying neurohistological methods (252, 322) has

given at least suggestive evidence, however, that not

only the pelvic but also the intramural ganglia of

the bladder receive some of their preganglionic

fibers from the sympathetic division. This may be

taken as an illustration of the difficulties and com-

plications met with in investigations of the nervous

mechanisms regulating visceral functions.

Many of the essential proi)lems concerning the

anatomy and physiology of the autonomic nervous

system which are impossible to consider in a brief

survey are extensively discussed in recent mono-

graphs (251, 317, 318, 439).

The peripheral distribution of an axon from a single

postganglionic neuron is but little known. Histo-

logical studies (103) show that the postganglionic

fibers may branch soon after leaving the ganglia.

In view of the fact that relatively few fibers must give

innervation to a large number of cells, it is reasonable

to assume that a further and probably extensive

branching occurs at the periphery so that a single

neuron may activate a large number of effector cells.

Studies of postganglionic axon reflexes (see the section

on activities of the peripheral autonomic nervous

system independent of the central nervous system)

do indeed give evidence for the existence of a terminal

branching axon system supplying several sweat glands

within skin areas up to a size of 2 cm. It is of interest

that Downman (iio) in his study of the distribution

of inesenteric vasoconstrictor and inhibitorv fibers
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along the small intestine observed a vasoconstriction

in territories not more than q cm in length on stimu-

lation of small mesenteric nerve Ijundles. He con-

cluded that the innervation area of the terminal

ramifications from an individual axon is at the most

of this size. This conclusion seems to be valid as it

follows from the experiments that no spatial summa-
tion effects produced by fillers in adjacent territories

are necessary to give an observable vasoconstriction.

As the cholinergic and the adrenergic mediation

seem to be inherent properties of two different types

of postganglionic neurons, it is improbable that an

indi\idual postganglionic fiber might give both a

cholinergic innervation to one structure and an

adrenergic supply to another. As a matter of fact,

there is not even any convincing evidence as yet that

a single postganglionic axon does directly activate

two anatomically different structures. (The problem

of transmitter diffusion is discussed in the later section

on the construction and functional organization of

the autonomic innervation apparatus.) On the

contrary, several observations suggest that func-

tionally and anatomically different effectors within

the same organ are subserved by independent and

separate fibers (see e.g. no, 163, 320).

There are only a few studies directlv concerned

with the question of the inner\ation of structures

supplied bilaterally with autonomic nerves. In ex-

periments on vagal inhibition of the heart, Brown &
Eccles (52 j showed that there was no refractory period

effect on simultaneous stimulation of the right and

left \'agi. This indicates that the preganglionic fibers

from the two sides have no appreciable convergence

to the .same group of postganglionics. Another ap-

proach to this problem was used l^y Dye (115, 116).

He found that pre\ious exhaustion of a given bi-

laterally innervated structure ijv a unilateral stimu-

lation did not affect the response obtainable from

stimulation of the corresponding nerves from the

opposite side and that summation of responses was

linear on brief simultaneous stimulation of the pre-

and postganglionic nerves from both sides. This

clearly supports the conclusion drawn by Brown &
Eccles. It is not so obv'ious that the two groups of

postganglionic neurons, each acti\ated by pre-

ganglionic filjers from one side only, distribute their

axons to different effector cells within the same ana-

tomical structure, a view championed by Dye. Un-
fortunately, however, his interpretation is based on

a.ssumptions concerning the local production and the

local and remote effects of the liberated chemical

mediator which are not necessarih valid. As regards

T.\BLE 3. Number and Extent of Myelination of

Preganglionic Fibers in the Cervical Sympathetic

Trunk oj Various Species
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dog, monkey and man, as shown by Sheehan (385).

In the white communicating rami of cat, dog and

rhesus monkey, Rexed (356) found that the great

majority of the myelinated fibers had a size of i to

3.5 IX. The same values were reported by Ranson &
Biliingsley (353) for the cat. Unfortunately there are

no reliable quantitative data concerning the number
and size of the nonmedullated preganglionic fibers

in the ventral roots or white rami. According to

Duncan (112) up to 30 to 40 per cent of the fibers

in the thoracic \entral roots of the rat may be un-

myelinated whereas the number is considerably less

in the cat.

Table 3 illustrates the high variability in myelina-

tion of the preganglionic fibers in the cervical sym-

pathetic trunk. Data concerning the number, size

and myelination of the vagal autonomic efTerents

have been given (94, 136, 149, 319).

The postganglionic fibers of the grey communicat-

ing rami in the cat, dog, monkey and man are pre-

dominantly nonmedullated, but some small medul-

lated ones are found to a variable degree (261, 341,

356, 387). Many of the postganglionic fibers from

the superior cervical ganglion in the cat (23, 25, 352)

and rhesus monkey (25) are medullated; in the rabbit,

fewer are present (25). It may be stated that the post-

ganglionic fibers in mammals are for the most part

generally of the nonmedullated variets'. An interest-

ing exception has been found in the short ciliary-

nerves which in the cat are of the thin myelinated

type (86, 160). The myelin sheaths seem to make
their appearance at a considerably later stage of de-

velopment in autonomic than in somatic nerve fibers

(378).

Caliber spectra of peripheral nerves show that the

fibers in a given nerve may be divided into separate

and often distinct size groups. Since the first experi-

ments by Erlanger and Gasser, evidence has ac-

cumulated showing that the groups obtained on the

basis of fiber size may correspond to fiber groups with

different functions and with different neurophysio-

logical properties. In many instances, however, a

given caliber group contains several functionally dif-

ferent fiber groups and fibers with the same function

may be distributed to more than one caliber group.

That the autonomic fibers can be divided into groups

each subserving a particular function has been shown

in some instances (see below). It must be stressed,

however, that there is as yet no anatomical basis for

a division either of the preganglionic or of the post-

ganglionic fibers into more than two groups accord-

ing to size and to other morphological characteristics.

Although there may exist different, more or less

distinct size groups, as indicated by neurophysiologi-

cal studies, caliber spectra of the medullated fibers

have not revealed them, and no quantitative data

at all concerning the size of the nonmedullated fibers

have been given.

An example may illustrate the view expressed

above. In a recent work (103) the medullated fibers

in the cervical sympathetic trunk of the cat have been

divided into three subdivisions: a) 6.5 to 5 m (about

200 fibers), h} 4.5 to 3 fi (about 2000) and c) 2.5 to

1.5 ju (about 2000). The groups obtained were as-

sumed to correspond to the Si, S2 and S4 fibers of

Eccles (see below). It is clear, however, that the pre-

ganglionic medullated fibers justifiably may equally

be separated into two, five or more subdivisions, a

fact which makes the construction unacceptable.

There are other difficulties when an attempt is made
to correlate anatomical and functional groups in the

autonomic nervous system. Thus, for instance, it was

claimed by Langley (258) that many medullated

preganglionic fibers lose their myelin sheaths before

entering the ganglia. Another obstacle is the very

great variability in myelination between animals of

the same species, making it almost impossible, as

pointed out by Ranson (23) among others, to take

the presence or absence of mvelin as a criterion for

a differentiation of functional types of fibers.

On the basis of neurophysiological properties, the

peripheral autonomic fibers may be divided into two

principal groups corresponding to the B and C types

in the classification of Erlanger and Gasser. It is

beyond doubt that in mammals the slow conducting

C component is represented by unmedullated fibers

only and there is good e\idence that the B fibers

are medullated ones of the variety found in the

autonomic nervous system (cf. 24, 108, 134, 183,

192, 193, 195). The autonomic nonmedullated fibers

have physiological properties distinctly different from

those of the C fibers arising from dorsal root ganglia

(161), but the significance of this is not known.

The C component has not as yet been divided into

more distinct subdivisions, although it is clear that

this group must in many instances contain fibers

going to very different effectors. A composite C wave

may be observed in the postganglionic nerves from

tlie superior cervical and ciliary ganglion in the cat

(117, 440), but no clearly separable subgroups have

been recorded. This applies also to the postganglionic

nerves from the superior cervical ganglion of the

rabbit (25, 109), from the stellate ganglion of the

cat (45, 49, 123), and from the inferior mesenteric
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ganglion of the rabbit and tlie cat (54, 293) where

the C type is the main or only component.

The B group, on the other hand, consists in many

instances of several components which often overlap

concerning conduction velocity but which are more

or less distinctly separable on the basis of other prop-

erties (threshold, synaptic delay, distribution of fibers,

etc.). This has most clearly been shown for the cervi-

cal sympathetic in the cat. Bishop & Heinbecker

(25) recorded in the preganglionic stretch four spike

potential waves. Mi to M3 and U, the first three hav-

ing properties of the B type and the last arising from

C fibers. This was confirmed by Eccles (11 7-1 19,

121 ) who inade an extensive analysis of the properties

of the four fiber groups, labeled Si to S4. The conduc-

tion velocities were observed to be appro.xiniately

18 to 26, 10 to 12, 7 to 10 and 1.3 to 5 m per sec.

The four preganglionic groups were further shown

to make synaptic connections with ganglion cells giv-

ing rise to four postganglionic fiber groups with con-

siderably slower velocities (approx. 5 to 8, 1.7 to 5

and I m per .sec.). The postganglionic Si, proi^ably

produced by the medullated fibers found in the cat,

was distributed to the eye, S.> to S4 were found in

all postganglionic branches. The So wave was always

the largest. It was assumed by Eccles that the Si to S3

groups in the cervical trunk correspond to medul-

lated fibers presumably of descending order of size

and the S4 to nonmedullated fibers. In some in-

stances with long conduction paths available. Si

was found to separate out in subsidiary waves, in-

dicating a composite nature. Rosenblueth & Simeone

(371) have reported similar findings concerning fiber

groups in the cervical sympathetic.

It does not seem unlikely that the four fiber groups

present in the cer\-ical sympathetic trunk of the cat

and also found in the rabbit and rhesus monkey (25)

subserve different functions. In fact, Bishop & Hein-

becker (25) have made observations supporting this

\'iew. According to them the Mi fibers activate the

sphincter of the pupil, the nictitating membrane and

the muscles of Miiller; the Mo group gives vasocon-

strictors to the ear and conjuncti\a and pilomotors

to the hairs between ear and eye. Further esidence

was given by Eccles (i 17) and Brown (51 ) supporting

the view that the preganglionic and postganglionic

fibers of highest conduction \elocit\ and of lowest

threshold (cat) are distributed to the orbit. The

functions of the other groups ha\e not ijeen studied.

Howc\er, no effects are observed on stimulation of

the postganglionic fibers in the raljidt until fibers

of the C type are activated (25).

By using other autonomic nerves Bishop & Hein-

becker have tried to provide further evidence for the

assumption that there exists a correlation between

functional fiber groups and groups obtained on a

neurophysiological and anatomical basis. In a study

of the vagal efferents to the heart of the turtle, Hein-

becker (194) claimed that myelinated axons pri-

marily influence an inotropic mechanism whereas

chronotropic effects are produced by nonmyelinated

fibers. In a later paper (196), however, it was re-

ported that the fibers responsible for both the inotropic

and the chronotropic effects belong to both B and

C types.

In the cat and monkey Sheehan & Marrazzi (386)

have recorded large C waves (with conduction ve-

locity of I to 2m per sec.) and small B waves (8 to

20 m per sec.) from peripheral nerves to the limbs on

stimulation of ventral roots. Both waves were shown

to originate from sympathetic postganglionic fibers.

It is not known, however, whether the B fibers have

as their destination eff"ectors functionally different

from those supplied by the C group.

It may thus be concluded that attempts, on the

basis of morphological characteristics, to divide the

peripheral autonomic fibers into separate groups other

than the two groups based on the presence or absence

of myelin and corresponding to B and C fibers have

so far been unsuccessful but that the medullated B

fibers can in some instances be subdivided on the

basis of neurophysiological properties into two or

three distinct types. From the studies referred to

aijove it may further be concluded that, with one or

two exceptions, there is no experimental e\idence

which makes it po.ssible to correlate functionally dif-

ferent types of fibers with filjer groups demonstrable

by morphological or neurophysiological methods.

In contrast to somatic ner\e fibers, the autonomic

B and above all C fibers have considerably increased

oxygen uptake at low frequency activity and high

susceptibility to lack of glucose (277).

STRUCTURE OF AUTONOMIC GANGLIA

Types of Ganglion Cells

No obvious morphological differences have been

found between the nerve cells in sympathetic and in

parasympathetic ganglia. Although uni- and bipolar

cells are sometimes observed, it is evident that the

great majority of the postganglionic neurons are

multipolar. Great variations in their morphology
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exist and many attempts have been made to di\ide

them into certain main types. However, the question

may be raised whether the type divisions described

have any real meaning.

With the arrangement of the Nissl granules as a

criterion the ganglion cells have been divided into

two to nine classes {213, 218, 219, 342). The possi-

bility of such a classification has been denied by others

(78, 374); but, even if this possibility exists, certainly

no evidence has been given to show that the cell

tvpes obtained differ from each other from a func-

tional point of view.

Another classification has been made on the basis

of size. In analogy to studies of the size of somatic

nerve fibers and its relation to fiber properties, this

approach may be assumed to give valuable informa-

tion. Unfortunately, however, no conclusive quantita-

tive data are available. The most extensise studies

ha\e been made by de Castro (98, 103) who claims

the existence ot three size groups which are present

in varying proportions in different ganglia. Accord-

ing to him the cells ma\' be classified as large (35 to

55 11), medium sized (25 to 32 fj.) and small (15 to

22 /i). The three groups are represented in the su-

perior cervical ganglion of man by 27, 50 and 23 per

cent, the corresponding values for the stellate ganglion

being 17, 67 and 16 per cent. The classification is

interesting from the point of view that it might give

an anatomical basis to the three main, well delimited

cell pools found by Eccles (see below). It is obvious,

however, that de Castro's classification is open to

criticism. The class limits are arbitrary and no analy-

sis of the size-frequency curve has been made to show-

that three different size t\pes really exist and that

the cells are not distributed along a more or less

normal frequency curve with one peak only. The

work of de Castro indicates, however, that there may
be real differences between various ganglia. The
cervical ganglia and to a lesser degree the thora-

columbar ganglia have a relati\ely high proportion

of large and small nerve cells in contrast to the pre-

vertebral ganglia which have practically no cells of

such a size and therefore show a more uniform picture.

This has been found to hold good for .several mammals

and might ob\iously be of significance to neuro-

physiological work as there is evidence that fiber

size is correlated with the size of the nerve cells (cf.

356).

The most commonly used classification is leased on

the morphological appearance of the dendrites. The

types I (many short dendrites) and II (varying num-

bers of long dendrites) of Dogiel have generally been

adopted to differentiate the ganglion cells into two

main groups assumed to represent two cell types

clearly differentiated from each other (cf. 177, 180,

403). Great variations and many cells belonging to

neither group ha\e been observed, however (98, 403).

The most representative view is that the nerve cells

in the autonomic ganglia (the enteric plexuses ex-

cluded) of various mammals have predominantly a

large number of long processes, often branching ex-

tensively, and that only a small number ha\e short,

intra- or extracapsular dendrites (98, 103, 248, 249,

352, 403). The ciliary ganglion and maybe other

cranial parasympathetic ganglia are exceptions in

.so far as they seem to have numerous type I cells

(98, 103, 343). Mainly on the basis of the morphology

and arrangement of the dendrites, de Castro (98,

103) claims the existence of five cell types. There is

not as yet more direct evidence concerning the func-

tions of the different ganglion cells.

A new and interesting approach with ganglion-

stimulating and ganglion-blocking agents has been

used by Shaw and his associates (381-383). Their

experiments show that the cells in sympathetic ganglia

are not a homogeneous population from a pharma-

cological point of \iew and give some support to the

hypothesis of Bishop and Heinbecker that distinct

cell groups exist in the ganglia, each suijserving a

particular function.

Cotmections Between Preganglionic and

Postganglionic j\eurons

That there ma\- be many more nerve cells in an

autonomic ganglion than the preganglionic fibers

supplying it was shown b\' Billingsley & Ranson (22)

who found the ratio of myelinated fibers to cells to

be I :32 in tlie superior cervical ganglion of the cat.

Wolf (442), including unmyelinated fibers in the

counts, found in two cats a ratio of i:ii and 1:17.

In contrast to this, the ratio for the cat ciliary ganglion

is approximately 1:2 (442). The obvious difference

between the two ganglia has often been taken as

evidence for a more diffuse distribution of the sym-

pathetic system. As no systematic studies comparing

ganglia belonging to the two divisions have been

made, howe\er, there is no basis for such a generaliza-

tion. As a matter of fact, observations made by Harris

(191) suggest the existence of a 1:2 ratio in the in-

ferior mesenteric ganglia of the cat.

It may be concluded from the studies referred to

above that in many instances several or even numer-

ous ganglion cells are supplied ijy indixidual pre-
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ganglionic axons. This conclusion is based on the

postulate of Langley that the preganglionic fibers

make synaptic connections directly with the post-

ganglionic neurons. The validity of this postulate is

discussed below.

As the morphological construction and the localiza-

tion of the synaptic structures in autonomic ganglia

are of importance to an understanding of the internal

ganglion organization, some critical comments may
be necessary. It must be stressed, however, that no

generally accepted view exists concerning the struc-

ture of the ganglionic synapse and that the various

neurohistological schools have given very divergent

interpretations. This unfortunate state of affairs has

two principal causes. On the one hand, there are very

great difficulties inherent in the neurohistological

methods commonly used which often make it im-

possible to decide whether a microscopically de-

monstrable structure is of a ner\ous nature or not.

Frequently there is not e\en any evidence that the

observed structures are structures really existing in

the living tissue. On the other hand, in spite of these

difficulties, there is a general tendency in neuro-

histology to ascribe synaptic functions to various

histological structures without rigid criteria or with-

out any evidence at all for such an interpretation.

The facts and reasons on which this critical view is

based are discussed in a study of the ganglionic

synapse (206). The neurohistological work of the

last decade has not revealed any new evidence con-

cerning the methodological difficulties in neuro-

histology as may he seen from recent investigations

(33. 84, 103, 179, 226, 242, 405).

The earlier investigations into the morphology of

the ganglionic synap.se have been reviewed in several

papers (26, 206, 329, 403). Recent studies have not

revealed any new aspects of the picture (see e.g.

103, 179, 226, 242).

The structures most commonly described as syn-

aptic are small ring or club-like endings or reticu-

lated enlargements in the vicinity of cell body or

dendrites (103, 168, 226, 242, 244, 245J and different

types of pericellular arborizations or arborizations

in dendritic tracts and glomeruli (103, 248, 249).

Silver impregnation techniques, as their defenders

admit (e.g. 103, 226), reveal structures assumed to be

real preganglionic endings only with great difficulty.

Whether these structures, found very spar.sely in

autonomic ganglia, are more than fragments ol

terminal axon ramifications may be questioned (cf.

206). The school of Stohr (355, 404) denies the

existence of such free nerve endings and believes the

pre-postganglionic junction to be a syncytial asynaptic

structure with a terminal reticulum.

Intravital staining of autonomic ganglia with

methylene blue by Hillarp (206) consistently re-

vealed a dense plexus of very fine nerve fibers di-

rectly on the surface of the ganglion cells, enclosing

them. The plexus is formed by the terminal ramifica-

tions of one or more preganglionic axons. The fact

that the impulse-transmitting ability of a ganglion

reappears after nerve section when this intracapsular

pericellular structure regenerates is strong evidence

that it is synaptic. No such evidence has been adduced

for the other structures claimed to have synaptic

function. However, it cannot be assumed that the

pericellular apparatus of Hillarp is the only form of

synapse in autonomic ganglia. The dendrites pos-

sessed by certain postganglionic neurons ma\' well

make synaptic connections.

The nerve fibers enclosing the cell bod\' of auto-

nomic ganglion cells have recently been obser\ed by

electron microscopy, and the pre- and postsynaptic

elements have been shown to possess a memijrane
o

70 to 100 A thick, separated from each other by a

space 100 to 150 A wide (79, 104).

Interneurons with processes wholly confined witiiin

a ganglion and synaptic connections between post-

ganglionic neurons via axon collaterals have been

claimed to exist by neurohistologists (107, 215, 278,

343) but denied by others (233, 234, 266, 374). No
pericellular synaptic structures were observed in the

superior cervical ganglion of rats after preganglionic

denervation (206). The histological evidence for the

existence of such connectional elements is inconclusive,

and the many neurophysiological studies made on

autonomic ganglia have failed to reveal neurons of

this nature.

Many different arrangements of the short and long

processes emerging from the postganglionic cell bodies

have been described (see 98, 103). Although a clear

differentiation between axons and dendrites is difficult

and often impossible (177, 178), the processes are

usually assumed to be dendrites. Stohr with his ex-

tensive experience in the neurohistology of autonomic

ganglia denies the po.ssiisility of such a distinction

(403). Although many interpretations of the func-

tional significance of the neuronal processes ha\e been

presented, it may be questioned whether the neuro-

histological observations as yet permit any statement

to be made. The presence of an extensive system of

cell processes indicates the possibility, however, that

the autonomic ganglia may have a more complicated

construction than was postulated by Langley.
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The classic work of Langley led to the conclusion

that the autonomic ganglia act solely or mainly as

relay or distribution stations in the peripheral path-

ways. Querido (348) seems to have been the first to

question this view seriously on an experimental basis,

suggesting that a ganglion has the ability to transform

the ingoing impulses to an optimal frequency. From
a comparison of the contractions of the nictitating

membrane on pre- and on postganglionic stimulation,

strong, although indirect, evidence was obtained that

the superior cervical ganglion does not alter the fre-

quency of the incident impulses (51, 247, 420).

More direct results concerning the functions of the

autonomic ganglia were obtained with the new neuro-

physiological methods introduced in the early thirties.

At maximal preganglionic stimulation each pre-

ganglionic volley gives ri.se to a maximal postgan-

glionic volley, the discharge rate jjeing the same as the

stimulation frequency (25, 117, 118). It was also

observed that no after-discharge occurs until the

stimulation frequency is well above the upper limit

of the physiological discharge rate (47-49, 123, 275).

Observations on the discharge of individual post-

ganglionic neurons confirmed the results oijtained

from the studies of whole ganglia or large ganglion

cell groups (44, 47, 49, 276). This one-to-one relation-

ship between ingoing and outcoming impulses was

the first discovery of fundamental importance for the

relay hypothesis.

In the basic works of Bishop & Heinbecker (25)

and especially of Eccles (117, 118), it was demon-

strated that each of the preganglionic fiber groups

(Si to S4 according to Eccles) to the superior cervical

ganglion in the cat makes synaptic connections with

a particular ganglion cell pool without any appre-

ciable overlap, thus showing the existence of four

different cell groups not connected with each other.

This was on the whole confirmed by Rosenblueth &
Simeone (371), but they concluded that the S4 cell

group may to some extent be supplied also by Si and

So fibers. In other ganglia no such high degree of

differentiation has been found (cf. 273, 293, 294, 330,

440).

Of greater importance for our understanding of the

ganglion construction were the observations of Eccles

(118, 119). He showed that there is a convergence of

several preganglionic fibers on to each ganglion cell

in the Si and S2 cell pools and that a single impulse

in a single preganglionic fiber excites the ganglion

cells supplied by the fiber suijliminally only, simul-

taneous impulses arriving from other fibers being

nccessarv to set up a discharge. The convergence

principle has been found to hold good for the inferior

mesenteric ganglia (293, 294, 310J and the stellate

ganglion (276). In the latter ganglion Job & Lund-

berg (232) showed that an occlusion of more than

70 per cent may be observed between the ganglion

cell pools excited by fibers from the third white ramus

and from lower segments. In the ciliary ganglion,

however, no overlap between different preganglionic

pathways to the main ganglion cell groups could be

demonstrated but seems to exist within a minor group

(440). As in the Si and Sj cell pools of the superior

cervical ganglion an appreciable subliminal fringe

has been observed in the stellate ganglion (276), but

contrary to this the cells in the inferior mesenteric

(293, 294) and in the ciliary ganglion (440) receive

enough synaptic endings from an individual pre-

ganglionic fijjer to be supraliminally excited. Another

important finding was that ganglion cells subliminally

excited by a single impulse could be brought to dis-

charge by trains of impulses (44, 118, 121, 276).

The demonstration of overlap, subliminal fringe

and occlusion, and of the po.ssibility of spatial and

temporal summation within autonomic ganglia clearly

indicates that the ganglia may have activities and

organization like those found in the central nervous

system. The basic evidence for the relay hypothesis,

the one-to-one relationship between ingoing and

outgoing impulses and the nonexistence of after-dis-

charge, may thus be inconclusive in part at least.

As pointed out by Bronk (44) there is a more or less

rhythmic bombardment of the ganglion cells by

impulses from the autonomic centers, and impulses

of varying frequency may arrive at a postganglionic

neuron from several preganglionic fibers. This makes

it possible for the demonstrated mechanisms to come

into action and a ganglion may thus modify the inci-

dent impulses and show coordinating activities. The

demonstration of short- and long-lasting states of

facilitation and inhibition in the synaptic terminals

and the postganglionic neurons (120, 122, 124, 232,

274, 296) further accentuates the possible existence

of such activities. Unfortunately, however, there is

no evidence directly showing how the presumed in-

tegrative activities work and in what way they modify

the impulses from the autonomic centers and what

significance they have for the regulation of different

effectors. That a group of ganglion cells may be con-

nected to separate sets of preganglionic fibers emerg-

ing from different spinal segments presumably makes

it possible for different afferent reflex mechanisms

to control a particular effector, but this does not

give any clue to the other problems. That integrative
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mechanisms within autonomic gangha do not gi\'e

large and easily detectable effects may be inferred

from the fact that the characteristically grouped dis-

charges from the cardiac sympathetic centers are not

altered in their form and frequency by passing through

the stellate ganglion (45).

The old problem of the role played by the short

and long cell processes assumed to be dendrites in

the autonomic ganglia has not as yet been elucidated

in neurophysiological studies. The evidence brought

forth by Lorcnte de No & Laporte (296), indicating

that the presynaptic fibers exert excitatory and in-

hibitory actions on different parts of the ganglion

cells, may have some bearing on this problem. In an\

case the intricate histology and the complicated syn-

aptic events seem to justify the conclusion that the

conventional diagrams of the synaptic connections

in autonomic ganglia can no longer be assumed to

give true pictures of the function and organization

of the ganglia.

A new feature in the picture of the autonomic

ganglia was introduced by tiie discovery by Marrazzi

(306) that epinephrine has an inhibitor)- effect on

ganglionic transmission. The effect can be produced

by epinephrine liljerated from the adrenal medulla

and may thus be of physiological significance (305,

308, 346). Marrazzi has interpreted this as a "self-

limiting mechanism in sympathetic homeostatic ad-

justment." It has been found that an epinephrine-like

substance is liberated in ganglia on preganglionic

stimulation (58) which, according to Marrazzi (307),

suggests that epinephrine may be a humoral inhibitor

at ganglionic synapses. The existence of inhibitory

fibers in autonomic ganglia, once postulated i^y

Eccles (i 18), and the importance of localh' liberated

epinephrine as inhibitor have been seriously ques-

tioned, however (232, 298). On the basis of recent

quantitative studies of the secretion rate of epinephrine

from the adrenal medulla on strong reflex excitation

(cf. 81, 152), it seems questionable whether epi-

nephrine from this source may play any important

role as a regulator of ganglionic transmission.

PHYSIOLOGICAL DISCHARGE R.ATE IN PERIPHERAL

AUTONOMIC NERVOUS SYSTEM

It has long been known that many autonomic

effectors, even under 'resting' conditions, are usualh

more or less influenced by a jtonic activity in the

nerves supplying them and that this tonic control

may be rapidly changed into strong excitation or

inhibition of the efiectors by reflex stimulation of the

autonomic nervous centers. From .several points of

view it is of importance to know the discharge rate

in the different states of activity. A brief survey of

studies pertinent to this problem is therefore necessary.

One of the early significant facts observed was that

the response of an autonomic effector on pregan-

glionic stimulation is not maintained if the stimulation

frequency is relatively high (>20 to 40 per sec.)

(25, 247, 256, 333, 365). Even at a rate of 10 per sec,

fatigue may set in rapidly (25). Recording of the

postganglionic action potentials showed, furthermore,

that at frequencies abo\e approximately 20 per sec.

an increasing_asynchronism of the postganglionic

discharge appears and that ganglion cells progres-

sively drop out of action (44, 47, 69, 276, 277).

Another significant fact is that strong responses from

\arious effectors are obtained at low frequency stimu-

lation. Rosenblueth (361) found that a frequency

of 15 to 25 per sec. produced approximatelv maximal

responses in all the sympathetic effectors examined

by him. The same or often even lower values have

been found in other studies (37, 158, 246, 297, 332,

368, 369). Recent work on \asomotor fibers to various

tissues has demonstrated that almost maximal va.so-

constriction oi^vasodilatation can be obtained at dis-

charge rates of about or below 10 per sec. (cf. 81, 152).

The studies referred to above suggest that the upper

limit for the ph>siological discharge rate does not

exceed about 20 per sec. However, there is evidence

from ol)servations of a more direct nature strongly

indicating that this limit is reached at considerably

lower frequencies and that tonic control is exerted

at \'ery low discharge rates. By recording from single

or a few sympathetic fibers Bronk and his associates

(43, 45, 46, 344, 345) were able to show that there

is a continuous discharge of impulses with frequencies

down to and. bejow i jDer^sec during 'resting' condi-

tions and that even in_tense reflex stimulation seldom

increased the rate above 10 to 15 per sec. In similar

experiments with parasympathetic fibers to the blad-

der Evans (140) observed a tonic discharge rate below

I per sec. With well-controlled quantitative methods

Folkow (150, 151) compared in cats the constrictor

tone in an isolated vascular area on reflex excitation

of the vasomotor center and on stimulation of the

constrictor fibers. The experiments clearly demon-

strated that the constrictor tone present at normal

arterial pressure values could be maintained by i to 2

impulses per sec, that almost maximal vasocon-

striction is obtained at frequencies of 6 to 8 per sec,

and that the very high pressor reactions observed
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on intense reflex activation of the vasomotor center

could be obtained by an increase of constrictor fiber

discharge from 2 per sec. to 5 to 6 per sec. Other

experiments concerning the local elimination and

exhaustion of the vasoconstrictor transmitter support

Folkow's conclusion that the upper limit of the physio-

logical discharge range is 6 to 8 impulses per sec.

The validity of this conclusion has been confirmed

by experiments using several other eflfectors of a very

diH'erent nature (81, 82, 154). The study of Celander

(8i) in particular shows that most efTector systems

may give very pronounced responses at remarkably

slow firing rates of the autonomic nerves (0.25 to 2

impulses per sec). (See Chapter VII on autonomic

neuroeffector mechanisms by von Euler in this work

for further discussion of this topic.)

ACTIVITIES OF PERIPHERAL AUTONOMIC NERVOUS SYSTEM

INDEPENDENT OF CENTRAL NERVOUS SYSTEM

^Spontaneous' Activity

Since the work of Bronk and his associates, it is

well known that the autononiic nerves exert a tonic

activity by a more or less continuous, usually char-

acteristically grouped discharge, evoked particularly

by various afferent reflex mechanisms. If this afferent

driving is cut off, usually no activity is found in the

pre- and postganglionic neurons. Some exceptions

have been observed, however.

Alexander (4) recorded a persistent residual tonic

activity in the inferior cardiac nerve of the cat when
all afferent impulses to the preganglionic cells had

been excluded. The activity showed a definite reduc-

tion when the arterial pressure was increased, thus

imitating the behavior in animals with intact affer-

ents. The experiments indicated, however, that the

phenomenon was caused by lowered oxygen and in-

creased carbon dioxide tension in the spinal cord. An
observation more difficult to explain was made by

Keller (238). In cats with deafferented oculomotor

nuclei the pupils were constricted for several weeks,

supposedly owing to persistent constrictor tone as the

pupils dilated on local application of atropine. How-
ever, this assumption was not controlled by nerve

section and no further analysis of the mechanisms was

performed.

It has been claimed that denervated autonomic

ganglia may have some autonomous activity (35,

140, 172-175, 198). There is -no evidence that the

phenomena observed have any physiological signifi-

cance and they may well be explained on the basis of

two facts. A_utonomic gangli^ develop supersensitivity

at denervation (see the section on degeneration and

regeneration in the peripheral autonomic nervous

system) and there may be a slow continuous release of

the chemical mediators from the postganglionic nerve

terminals similar to that found in motor end plates

(141, 143). In the studies of Govaerts (172-175) and

Evans (140), for instance, the recorded postganglionic

discharge from isolated ganglia may have been due to

supersensitivity as the discharge did not develop or

was not observed until several days after the denerva-

tion. The observations of Tower & Richter (415),

assumed to give evidence of some independent activ-

ity in sympathetic ganglia, have been shown by Hare

(190) to be due to incomplete denervation. Hare and

others (3, 4, 50, 200) have not been able to find any

such activity. The discharge occasionally seen when

recording from postganglionic fibers in acute experi-

ments is most probai^ly produced by injury to the

ganglia (3, 440).

Axon Reflexes

Some curious reflexes mediated through decentral-

ized autonomic ganglia were shown by Langley

(263, 269) to be caused by preganglionic collaterals

to different ganglia. Such a branching system is, as

Langley demonstrated, a common arrangement in the

preganglionic neuron. Stimulation of the distal part

of a preganglionic fiber thus generally activates

ganglia at the proximal part of the fiber. The Sokow-

nin crossed bladder reflex, contraction of the bladder

on stimulation of the central end of one cut hxEp-

gastric nerve, could be explained on this basis as

evoked by impulses traveling up in preganglionic

fibers destined to more distally located ganglia and

giving off c^laterals_tj3_J;he contralateral inferior

mesenteric ganglion. The correctness of this explana-

tion has been proved in neurophysiological investiga-

tions demonstrating that preganglionic B fibers tra-

versing the ipsilateral ganglion are concerned in the

reflex (230, 231, 293). Other examples of such pre-

ganglionic axon reflexes have been recorded by

Langley (263) and others (109, 231, 330). The only

evidence that pseudoreflexes of this type play any

role except under experimental conditions comes from

Hilton's studies of v-asojugtor axon reflexes which

may participate in causing the postcontraction hy-

peremia of skeletal muscle.

Evidence for the view that axon reflexes may also

be evoked in the terminal ramifications of postgan-
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glionic fibers has been reported, although it is not

always of a conclusive nature. In deafferented and

preganglionically denervated frog legs Speranskaja-

Stepanowa (394) observed vasoconstriction and vaso-

dilatation in vessels of the web on faradic stimulation

of various skin areas in the vicinity of and even far

away from the responding vessels. The vasomotor

responses persisted three to four days after section of

the sciatic nerve but disappeared thereafter. On this

basis they were interpreted as being caused by axon

reflexes in branching postganglionic fibers. No evi-

dence for the existence of branches supplying skin

areas so widely apart has appeared since then. In

apparently well-controlled experiments on human
skin, Wilkins el al. (441) obtained a local sweat re-

sponse within areas some centimeters wide on faradic

stimulation of certain points of the skin, and the re-

sponse was proved to be mediated by sympathetic

sudomotor fibers. The same gland could be activated

from different points up to 2 cm apart and the areas

activated from any particular point showed consider-

able overlapping. It is apparent that the sudomotor

responses are evoked by axon reflexes in terminal

ramifications of postganglionic fibers, each of which

branches near its innervation territory and sends fila-

ments in all directions within a small skin area, and

that these axon systems overlap each other to a con-

siderable extent. Similar studies have been made on

pilomotor fibers (289, 429).

Postganglionic axon reflexes have recently become

of new interest from a pharmacological point of view.

This started with the discovery by Coon & Rothman

(87-89, 372) that drugs with nicotine-like action in-

jected intradermally elicit sudomotor, pilomotor and

vasomotor activity in areas surrounding the site of

injection. As these responses are abolished by local

anesthetics and by degeneration of the peripheral

nerves, they are presumably evoked by axon reflexes.

On the basis of the stimulating and the paralyzing

action of drugs on the axonal receptor points, it was

suggested that these points possess several properties

characteristic of autonomic ganglia. This has been

further stressed by later investigators who have shown

that the excitatory action of the drugs on the receptor

points is inhibited by ganglion-blocking agents (20,

114, 228, 428). Although the suggested analogy may
have no physiological significance, interesting new

views on the properties and organization of the

peripheral autonomic innervation apparatus may
come out of these investisrations.

Other Types of Reflexes Mediated by

Autonomic Ganglia

Although there is no proof that autonomic ganglia

isolated from the central nervous system are able to

exert an independent tonic activity, it does not follow

that decentralized ganglia are unable to perform some

kind of reflex activity. The old claim of Dogiel (106)

that sensory neurons may be present in autonomic

ganglia once gave rise to speculations concerning this

problem. Dogiel's interpretations are quite uncon-

vincing, however, and all the neurohistological work

since then has failed to demonstrate their existence.

Considerable physiological evidence has accumulated

indicating the uonexistence of neiirons_suJjseEving

intragangiipnic reflexe^_and_jthe inability of isolated

ganglia to exert reflex activities. Thus it has been

shown, for instance, that stimulation of one of the

sympathetic postganglionic nerves to the heart does

not give rise to discharge in another of the.se nerves,

a fact indicating that no afferents connect with the

postganglionic neurons in the stellate ganglion (49,

69). Another example is that no vasomotor reflexes

mediated through the ganglia of the sympathetic

trunk are observed after destruction of the spinal cord

or after preganglionic denervation (4, 14, 34, 201).

Two studies are often taken as evidence for an inde-

pendent ganglionic reflex activity. In one of them

(380), it was claimed that sudomotor activity could

be evoked in the cat's forepaw by a reflex solely in-

volving the stellate ganglion. This has been shown to

be due to an incomplete decentralization of the gan-

glion (190). In the other study (440), a small discharge

was found on stimulating one ciliary nerve and re-

cording from another. As accessory ganglia are often

present (442), this finding probably has its explana-

tion in a preganglionic axon reflex.

There are many observations, however, indicating

that the prevertebral ganglia have mechanisms me-

diating reflexes between different parts of the ab-

dominal viscera. It has been claimed (157, 283, 284)

that the decentralized inferior mesenteric ganglion

exerts a motor control of the large intestine, but this

does not necessarily mean the involvement of reflexes.

In a series of investigations Kuntz and his associates

(248, 249, 255, 254) have found that some synaptic

structures persist in the celiac and the inferior mesen-

teric ganglia after degeneration of the preganglionic

fibers and observed that intcstinointestinal reflexes

synaptically relayed in the ganglia could still be

evoked after decentralization. These findings have

been confirmed by Warkentin et al. (431), but severely
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criticized by Freund & Sheehan (156) on the basis of

the extreme difficulty of obtaining a complete decen-

tralization of the abdominal ganglia. In animals

sympathectomized according to Cannon, they were

not able to obtain any intestinointestinal reflexes.

However, the experiments of Freund & Sheehan do

not give any explanation for the significant observa-

tion of Kuntz that intact nerve fibers remain in the

distal stump of the cut colonic or mesenteric nerves

after degeneration of th; fibers coming from the

ganglia. If regeneration can be excluded, as claimed,

the undegenerated fibers must arise from neurons in

the intestinal wall and may thus be the afferent link

in the reflexes observed.

The view of Kuntz ihat there_a£e_afiJererLt neurons

in the intestinal wall synaptically connected to effer-

ents in the prevertebral ganglia has support from

recent heurophysiological studies. On stimulation of

the central stump of the cut hypogastric nerve in the

cat Job & Lundberg (230, '231) recorded reflexes in-

volving C fibers in both the contralateral and the

ipsilateral colonic and hypogastric nerves. By de-

generation experiments it was shown that the fibers

giving rise to the C reflexes must have their trophic

centers distalwards and that they terminate in the

inferior mesenteric ganglia. Brown & Pa.scoe (54) and

McLennan & Pascoe (310) have made similar ob-

servations in the rabbit. In the mesenteric nerves

leaving the inferior mesenteric ganglion they showed

the presence of a distinct group of nerve fibers with

cell bodies possibly located in the gut and terminating

in the ganglion. The fibers belonging to this group

have a remarkably low conduction velocity (0.25 m
per sec.) and are connected to cells with axons of the

common C type returning along the same nerves.

The studies of the inferior mesenteric ganglia seem

to make it necessary to postulate the existence of re-

flex systems involving synaptically connected neurons

wholly confined to the peripheral autonomic ner\ous

system.

The enteric plexuses have long been regarded as

holding a unique position in the autonomic nervous

system. It may be assumed that local reflexes can take

place here, but the nature of and the anatomical sub-

stratum for such reflexes are unknown. On the basis

of the old experiments made by Magnus on ganglion-

free intestinal walls it has often been concluded that

the spontaneous contractions of isolated intestinal

segments are of nervous origin. However, all the

subsequent work in this field has clearly shown this

conclusion to be invalid. In the recent careful study of

Evans & Schild (138), it was demonstrated that

plexus-free circular muscle of cat jejunum exhibits

rhythmic activity in response to raising of the intra-

luminal pressure. It is very difficult to decide to what
extent the movements of the intestinal wall are de-

pendent on intraganglionic reflexes. Much work has

been done using nicotine to paralyze the intramural

ganglia but the results are controversial, and it is now
well established that this drug has effects on many
structures other than ganglia (cf. 131, 138, 144, 419).

From studies of the action of the ganglion-blocking

agent hexamethonium Feldberg (144) concluded

that some spike-like contractions and contractions of

composite character are ganglionic in origin. On the

other hand, hexamethonium did not affect the large,

rhythmic contractions of the longitudinal muscle in

rabbit ileum preparations. However, this drug may
have effects on smooth muscle also (139).

EFFECTS OF DECENTRALIZATION OR DENERVATION

ON AUTONOMIC EFFECTORS

Effects on Structure and Activity of Effectors

No gross anatomical changes are seen after sym-

pathectomy even if denervation is performed early in

life (71, 309, 412) and the tissues show, with some

exceptions, a normal histological appearance (85).

Denervated smooth muscles do not atrophy or de-

generate, and no obvious cytological changes have

been found in the cells. Sweat glands have been re-

ported to atrophy (414) or to lae unaffected (85, 184,

229) after sympathectomy. Cytological changes, in-

considerable to very marked, and even a substantial

atrophy may develop in salivary glands with severed

secretory nerves (11, 128). The dener\ated adrenal

medulla, on the other hand, has quite normal cy-

tology (199, 208).

It is not as yet possible to explain why some effector

cells atrophy after section of their autonomic nerves.

It seems rea.sonable, however, that the structural

changes found in some glands are wholly due to lack

of adequate secretory stimuli. This v'iew is supported

by the findings that it is possible to obtain the same

histological changes in the cat's submaxillary glands

both by atropine treatment and by severing the chorda

tympani, and that pilocarpine reverses the changes in

decentralized glands (132).

Neither decentralization nor denervation seem to

alter to any appreciable extent the basic properties of

smooth muscle or gland cells, as chemical stimuli may
e\okc the same maximal contractile or secretory re-
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sponses as before severance of the nerves. Consider-

able differences in the state of activity are found in

different effectors deprived of their autonomic nerves,

however. The cells of the adrenal iiiedijlla and of the

salivary and sweat glands show little if any activity.

This also holds for some smooth muscle, such as the

pilomotor, the orbital and the intraocular muscles.

The activitj^of most smooth muscle, on the other

hand, is more or less uninfluenced by denervation and

exhibits various types of rhythmic contractions, spon-

taneous in the sense that they are independent of

nervous impulses mediated through autonomic

ganglia. Several investigators have believed this spon-

taneous activity (e.g., 6, 148) to be dependent on a

terminal nervous network which does not degenerate

after postganglionic nerve section. As will be shown in

a later section, there is no valid evidence for the exist-

ence of such a structure but much good evidence

pointing in the other direction. Studies of the propa-

gated contractions and of the origin and conduction

of action potentials in sinooth muscle from the uterus,

ureter, intestine and stomach, especially by Bozler

(38-41, 217), have laid a good foundation for the

view that the spontaneous rhythmic contractions are

of myogenic origin and that conduction proceeds from

muscle cell to muscle cell and not through a nervous

network. This view has received strong support from

recent work by Biilbring (59, 60), Evans & Schild

(138), and by Prosser and his associates (347).

Whether conduction takes place in a syncytium of

muscle cells (Bozler, Biilbring) or perhaps by a sort of

ephaptic system between muscle fibers (Prosser) has

not yet been settled. Electronmicroscopic studies of

sinooth muscle from rat ureter have, however, demon-

strated a lack of protoplasmic continuity between the

cells and have revealed intercellular bridges assumed

to be ephaptic structures (19).

That the smooth muscle of small blood vessels

regains its tone to a varying degree after denervation is

well-known and has usually been explained on the

basis of supersensitivity (cf 15). Strong arguments

against this theory have been presented by Cannon

(73) in experiments indicating that the recovered tone

might be due to intrinsic properties of the muscle

cells. There is now good evidence for the view that

the smooth muscle of blood vessels has a myogenic

automaticity like that found in, for instance, ureteral

muscle (cf. 82, 152).

Supersensitivity of Autonomic Effector Cells

It has long been known that various types of auto-

nomic effector cells deprived of their pre- or post-

ganglionic nerve supply undergo changes leading to a

state of incjreased_sensitivity to epjnejjhrine, norepi-

nephrine, acetylcholine and other agents. As the in-

vestigations into this phenomenon have recentlv been

extensively reviewed by Cannon & Rosenblueth (77),

only a brief survey will be given.

The supersensitivity of various smooth muscles

shows some common features such as increased sus-

ceptibility and increased duration of response to a

gi\-en agent, but the maximal response does not be-

come larger than in the muscles prior to denervation.

This also holds for glands (128, 399). The increased

sensitivity may develop quite rapidly, in some in-

stances within hours, as reported for the denervated

pupillary sphincter in the cat (388), or may become
maximal within two to four days as reported for the

sweat glands (391) and for the pupilloconstrictor

(237). In adrenergic systems the development of

supersensitivity generally takes a more prolonged

course, maximal sensitization being found after ^Jo
3 weeks. The new state of excitability seems to remain

permanently, at least in most instances, but disappears

when regenerating nerve fibers become functionally

connected to the effector cells (389).

Stipersensitivity has been shown to develop in the

most different cholinergic and adrenergic systems

supplied by both excitatory and inhibitory fibers.

Decentralized nerve cells in autonomic ganglia are

no exception (129, 364, 390). As might be expected,

a decentralized effector is supersensitive not only to

agents introduced from outside but also to the trans-

mitter liberated by stimulation of the postganglionic

nerve fibers (363). Finally, another general principle

is that denervated systems develop a higher degree of

supersensitivity than decentralized ones.

The general principles for the development of

supersensitivity were formulated in 1939 by Cannon

into a 'law of denervation' : when in a series of effer-

ent neurons a unit is destroyed, an increased irritabil-

ity to chemical agents develops in the isolated struc-

ture or structures, the effects being maximal in the

part directly denervated. This has been confirmed on

the whole by the sub.sequent work in this field. Some
exceptions have been reported, however. Denervated

sweat glands in man, for instance, have been claimed

to be deserisitized (229) or to be unresponsive after

some time (216). The sensitivity of sweat glands in

the cat has been found to decrease a long time after

denervation (391). Conflicting results have been ob-

tained as regards the denervated heart (176, 220,

295). The evidence does not seem to be conclusive.

There is as yet no generally accepted explanation
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as to why nerve section is followed by supersensitivity.

Although it is not impossible that the nerve terminals

might liberate, in addition to the chemical mediator,

some other substance of importance for the effector

cells, the concept of a trophic influence exerted by the

nerves is difficult to accept. The most reasonable ex-

planation seems to be that supersensitivity develops

owing to lack of transmitter stimuli. The arguments

and evidence against this view brought forth by

Cannon & Rosenblueth (77) do not seem to have

validity any longer. On the contrary, this explanation

has received strong support from the extensive studies

of the supersensitivity of salivary glands made by

Emmelin and his associates (cf. 128). The most perti-

nent results are that a supersensitivity, indistinguish-

able from that found after nerve section, may be

evoked in nondenervated glands by preventing the

chemical mediator from acting on the cells, and that

supersensitivity due to nerve section may be prevented

or abolished by exposing the cells to chemical stimuli

of a secretory nature. The concept of a trophic influ-

ence hardly seems compatible with these results. The
fact that supersensitivity is less pronounced after

decentralization than after denervation may, accord-

ing to this view, be explained as due to intermittent

release of small quantities of the transmitters from the

postganglionic nerve terminals (see the previous sec-

tion on activity independent of the central nervous

system)

.

In spite of much work, no theory has been elab-

orated which is able to give a satisfactory explanation

of the changes resulting in supersensitivity. Cannon
& Rosenblueth (75) once suggested an increased

permeability^ of the cells to be the basic change.

Although at least suggestive evidence for this theory is

available, the experimental data are difficult to ex-

plain on this basis. Burn and his associates have tried

in a series of investigations (62-66) to furnish evidence

for the hypothesis that supersensitivity is a conse-

quence of a decreased ability of the effector cells to

inactivate the chemical mediators. For some smooth

muscles it was found that the increase in sensitivity

after denervation paralleled a fall in amine oxidase

and in cholinesterase, which clearly supported their

theory, but in other muscles no such correlation could

be demonstrated. This lack of correlation has also

been found by other investigators (10, 401). Another

difficult obstacle for the theory is that denervated

effectors develop hypersensitivity to many substances

quite unrelated to the natural transmitters. Some of

the nonspecific agents were shown to act indirectly

by liberation of an epinephrine-like substance, but

the effects of other drugs may be more difficult to

explain (cf. 221, 222, 400).

degener.-'lTign .\nd regener.^tion in PERIPHER.'\L

.\utonomig nervous system

Degeneration

The structural clianges initiated in autonomic nerve

fibers by transection are very similar to those of

somatic fibers, at least when examined with neuro-

histological methods. The myelin sheath, when pres-

ent as a microscopic structure, is retracted from the

nodes and broken up in fragments, the axon is frag-

mented and disintegrated, and finally both undergo

dissolution. There are many controversial statements

as to the degeneration of the autonomic nonmedul-

lated fibers and no systematic research has been done

on this matter. It is often stated that these fibers are

considerably more resistant than the myelinated. This

view was generally accepted in classical neurohistol-

ogy (28, 337, 349, 410). Ramon y Cajal (349), for

instance, stated that sympathetic nonmedullated

fibers do not disintegrate until 4 to 7 days after tran-

section. In many later studies it has been found,

however, that both pre- and postganglionic non-

medullated axons in the cervical sympathetic of the

rat, rabbit and cat show degenerative changes as

rapidly as large somatic nerve fibers and disintegrate

within 24 to 72 hours. This has been demonstrated

both ijy the silver impregnation technique (97, 103,

279, 282, 301) and by methylene blue staining (170,

206, 416). The nonmedullated fibers in fine skin

nerves also degenerate rapidly (434). It may well be,

however, that there are large differences between

different autonomic nerves. Some support for this

view is given by the varying reports on the functional

degeneration of sympathetic C fibers. There is evi-

dence, for instance, indicating that the sudomotor

fibers in the cat's paw may conduct impulses up to

6 days after nerve section (391). Such a long degenera-

tion time, however, may also be found in some in-

stances for preganglionic B fibers in the cat's cervical

sympathetic (see e.g. 168, 286). The responses ob-

tained on stimulation of degenerating autonomic B

(see below) and C (301, 416) fibers usually decline

rapidly to disappear within 2 to 4 days, but this is no

evidence for a loss of conduction. On the basis of the

available sparse and unsystematic reports, it is not

possible to decide whether the autonomic B and C
fibers differ markedlv from each other or from somatic
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fibers. There is no conclusive evidence for the view

adopted, for instance by Rosenblueth (292, 366, 367),

that the autonomic C axons in general degenerate

considerably more slowly than large somatic fibers,

which usually show conduction failure 2 to 4 days

after transection (80, 135, 292, 366). The slowest

known autonomic C fibers lose the al:)ility to conduct

impulses within 5 days, as shown by direct recording

(310).

In the course of the Wallerian degeneration of pre-

ganglionic fibers, synaptic transmission fails at a

stage when impulse conduction mav be largely un-

impaired (90). Usually transmission declines rapidly

between 24 and 48 hours after nerve section, to dis-

appear within 72 hours (13, 97, 90, 206). This is in

good agreement with the time range reported for the

transmission failure in voluntary muscle (292, 367,

407). Rosenblueth has concluded (cf. 362) that

synaptic failure is not due to an early degeneration of

the nerve endings, as suggested Ijy Titeca (411), but

to a decrease of the acetylcholine liberated by the

nerve impulses. There is good evidence that acetyl-

choline is concentrated in the ner\e endings and that

it disappears, and the endings lose to a high degree

the ability to synthesize acetylcholine after pregan-

glionic transection at the same time as the transmission

fails (13, 142, 302, 303). Furthermore, as both the

structural and functional degeneration seem to have

a progressive centrifugal course (80, 292, 366), the

conclusion seems to be justified. It may be questioned,

however, whether the demonstration of progressive

degeneration in the nerve trunk is conclusive evidence

against the occurrence of an early degeneration of the

nerve endings. Axon terminals in the motor end plate,

for instance, seem to disintegrate earlier than the

supplying fibers (206). This may be the case also for

the terminal intraganglionic fibers (103).

Slight changes in the Nissl substance and some cell

shrinkage have been reported to occur with pre-

ganglionic degeneration (189, 282, 328, 397), but this

has been questioned (374). Apart from supersensi-

tivity, chronically denervated ganglia show altered

reactions to ganglion-blocking agents, suggested to be

due to a fall in the intracellular potassium content

(338, 339)-

The retrograde reaction in autonomic ganglia

initiated by section of the postganglionic nerves pro-

duces cytological changes similar to those seen in

somatic neurons and recently the similarity has been

found to extend to the functional changes (i, 2, 55).

After axotomy of the postganglionic neurons, impulse

transmission in the ganglia is rapidly impaired and

almost completely abolished within 2 weeks. Later

there is a slow recovery stage. Many of the cells

have become irre\ersibly changed, however, as both

the transmitted response and the spike potential

obtained by direct stimulation of the postganglionic

nerve are markedly reduced. The transmission failure

seems to be due to changes in the soma of the post-

ganglionic cells resulting in a lo.ss of sensitivity to

liberated transmitter.

Regeneration

The data hitherto reported concerning the various

aspects of regeneration in the autonomic nervous

system are incomplete, unsystematic and often highly

contradictory. It is not therefore possible to treat this

subject more than purelv superficiallv. Regeneration

in the peripheral nervous system has recently been

reviewed {185).

Whether regeneration of autonomic nerve fibers

differs fundamentally from that of somatic fiijers has

not been adequately studied. That such differences

may exist in the case of nonmeduUated fibers is sug-

gested by the report of Nageotte (325) that their

sheaths form a syncytial network. NonmeduUated
fibers often are composed of a sheath enclosing several

fibers (162, 204, 325). Again, the Schwann cells of

autonomic nonmeduUated fibers do not multiply

after nerve section (235, 236, 416). Nevertheless, such

studies as have been made of regeneration of auto-

nomic fibers have failed to reveal obvious differences

from that of somatic fibers (97, 98, 279, 282).

From data obtained by indirect methods (56, 57,

285, 286, 334, 413) the rate of growth in the cervical

sympathetic trunk of the cat, rabbit and dog may be

estimated to be i to 2 mm per day if scar and matura-

tion delay are taken into account. This is in good

agreement with values found in a more systematic

study of cat and rabbit (67) where the rate of advance

of functional recovery after crushing the cervical

sympathetic trunk was estimated to be 2 mm per day

for the cat and to i .6 mm per day for the rabbit. The
functional return, as determined by the disappearance

of paralysis after section or crushing of the cervical

sympathetic trunk in the cat, has been reported to

occur within 2 to 6 weeks depending on the site of

lesion (56, 57, 67, 286, 389). In some animal species

(especially the cat) the preganglionic fibers have a

high capacity for bridging even very large gaps (67,

206, 239-241, 286); in other species (the rabbit for

instance) this capacity is, on the contrary, very re-

stricted (67). It is possible that the differences are
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ultimately dependent on whether the fibers are

myelinated or not. Data concerning; the resteneration

of the nonmeduUated fibers in the cervical sym-

pathetic trunk of the rat (206) speak against this view,

howev'er.

The regeneration of the nonmeduUated pregan-

glionic fibers in the raljbit vagus has been found to be

largely dependent on the site of the lesion (137)- If

the abdominal vagi arc crushed, a delayed functional

recovery of the stomach is obtained i)ut, if the nerves

are crushed in the cervical region, function does not

return \\'ithin 600 days. This was found to be due to

a growth of the parasympathetic fibers into the re-

current laryngeal nerve, the fibers apparently being

'guided' along the meduUated fibers. The syncytial

character of the sheaths of the nonmeduUated fibers

was suggested to be the causal factor for this diverted

regeneration. Regeneration of vagal filjers to the heart

after high lesions of the xagus nerve in cat and rabbit

may take place, however (68).

Only very incomplete data are available concern-

ing the regeneration of postganglionic fibers. Appar-

ently, a functional reco\ery is obtained with great

difficulty, if at all, when the fibers to the cat's fore-

limbs are cut in the grey rami (239, 414). The post-

ganglionic fibers from the superior cervical ganglia

regenerate and give at least partial return of func-

tion after a long period in the rabbit (416) but rela-

tively rapidly in the cat (301, 389). It is obvious that

the regenerative capacity may to a large degree be

invalidated by a severe axonal reaction if the lesions

are situated near the ceil bodies of the cut fibers,

which may lead to cell death (282, 288).

When functional regeneration has set in, a stage of

overcompensation may develop manifested by such

signs as a large pupil, exophthalmos and constricted

vessels (56, 57, 286, 301). This phenomenon is prob-

ably a consequence of the denervation supersensitivity

(389)-

That denervated tissues may be reinnervated by

outgrowth from intact nerve fibers in the x-icinity is

well-known in the somatic svstem (cf. 125). Evidence

has been given for collateral regeneration of sudo-

motor fibers in the cat's paw (212) and of pregan-

glionic fibers in the cat's partially denervated stellate

and superior cervical ganglion (165, 324).

Practically nothing is known about the maturation

process of regenerating autonomic nerve fibers. Func-

tional recov-ery in the cat's superior cervical ganglion

may take place at a stage when the regenerating fibers

have still not been myelinated (67) and may show an

impulse conduction \elocity as slow as C fibers (i68j.

Heterogeneous Regeneration

In a series of well-known experiments, Langley &
Anderson (9, 262, 264, 271, 272) showed that the

peripheral ner\e fibers could be divided into three

groups with regard to their ability to replace each

other: efferents from the spinal cord, postganglionic

fibers and afferents. After cross-union, any particular

nerve within each of the first two groups is able to

establish functional connection with the peripheral

part of another nerve belonging to the same group.

They found, however, one puzzling exception: the

ciliary preganglionic fibers were able to replace the

postganglionic in inner\ating tlie pupillary sphincter.

This existence of separate classes of nerves was logi-

cally explained when Dale (92) pointed out that the

nerves in the first group are cholinergic and in the

second adrenergic. As the postganglionic fibers to

the pupillary sphincter were found to be cholinergic,

this exception in the system of Langley and Anderson

only confirmed the view that the compatibility of

nerves when cross-united is determined by the chemi-

cal mediator.

The observations of Langley and Anderson have

been amply verified. Heterogeneous regeneration

has been demonstrated to give functional connection

between various somatic motor nerves and the su-

perior cervical ganglion (16, 99, 100, iii, 443),

between parasympathetic preganglionic fibers in the

vagus and this ganglion (16, 97, 99, 100, 186, 206),

and between preganglionic sympathetic fibers and

somatic motor nerves (18, 206). Afferent fibers have

been claimed to provide functional innervation of

voluntary muscle (436), but careful experiments

have shown this not to be the case (187, 437). There

is evidence that parasympathetic fibers to the salivary

glands may be misdirected by nerve lesions and give

functional innervation of sweat glands (395). Thus,

there is considerable evidence supporting the view of

Dale. The ability of neurons to liberate a certain

chemical mediator by nerve impulses in themselves

nonspecific is thus a property inherent in specific

types of neurons.

There are some results as yet unexplained, how-

ever. The sensory root fibers of the nodose ganglion

have been stated (loi, 102) to achieve synaptic con-

nections with the postganglionic neurons in the cat's

superior cervical ganglion. Another peculiarity, as

shown by Anderson (9), is that no functional con-

nection is established between the preganglionic

oculomotor ner\es and the pupillary sphincter since

stimulation of the nerves did not elicit any response.
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This inability to produce exciting junctions in spite

of very favoraljle conditions for regeneration (myeli-

nated postganglionic fibers and a ratio of pregan-

glionic fibers to postganglionic neurons of about i :2)

needs explanation (cf. 206, 300).

STRUCTURE AND FUNCTIONAL ORGANIZATION OF

AUrONOMIC EFFECTOR JUNCTIONS

The neurohistological investigations of the last

twenty years have given rise to many highly diver-

gent opinions on the structure of the autonomic

innervation apparatus. The nonspecificity of silver

impregnations is vs-ell-known and it has been clearly

shown that the fixation procedure and other treat-

ments of the tissues when using these methods give

rise to misleading artefacts (203, 206, 210, 243, 280,

435). In spite of this, many prominent neurohis-

tologists, for instance Stohr, Boeke and their students

(see e.g. 30, 403), claim that the peripheral exten-

sions of the autonomic nerve fibers have a syncytial

construction and a continuous neurofibrillar con-

nection with a network located within the innervated

cells, a network with fibrils of such fine dimensions

that they are near the limit for the resolving power of

the microscope. It is obvious that the claims made
by Stohr and Boeke cannot be accepted until very

strong evidence has been furnished that the struc-

tures demonstrated are both of nervous nature and

existent in the living tissues. Xo such e\idence has

yet been presented, however, neither in their earlier

(cf. 206) nor in their more recent papers (33, 355,

404-406). Furthermore, their results concerning the

microscopic appearance of the nervous syncytia are

quite different and partly incompatible in spite of

the fact that both Stohr and Boeke use silver im-

pregnations and that they both argue along the

same lines for the validity of their views. This gives a

good illustration of the difficulties inherent in their

methods. A detailed criticism of their neurohis-

tological studies has been published (206). In the

discussion of the 'interstitial cells' (see below), an-

other example will be given illustrating the general

tendency to draw far-reaching conclusions con-

cerning the presence of histological structures, the

nature and function of which ha\e been interpreted

without rigid criteria for their characterization.

Up to 1932 the autonomic effector cells were con-

sidered to be innervated by postganglionic fibers

terminating in extra- or intracellular nerve endings.

Recently the existence of far more extensive nerve

structures has been claimed. Stohr described a

'terminal reticulum' composed of sympathetic and
parasympathetic endings which anastomose with a

syncytialK constructed network partly embedded
in the cytoplasm of the innervated cells. Boeke pro-

posed a 'sympathetic ground plexus", arising from

coarser nerve fibers which connect with a fine-

meshed protoplasmic network containing extensively

anastomosing neurofibrils. This network is distally

in protoplasmic continuit\- with a system of 'inter-

stitial cells', interpreted as nerve cells, which in turn

make synapse-like connections with the effector

cells (33). Boeke's descriptions of the proposed

structures are unconventional and coiifusing (27, 29).

The postulation that the interstitial cells of Ramon
y Cajal constitute third neuron links in peripheral

autonomic innervation (30-32, 224-227, 287, 312,

314, 315, 326, 327) deserves critical comment as

this concept may become of importance in physi-

ology (cf. 6, 152). The evidence claimed for the

view that the interstitial cells are in fact nerve cells

and not sheath cells is as follows (32, 33, 224-226,

287, 312-314): a) their cytological characteristics

are the same since they are vitally stained by methy-

lene blue, contain Nissl granules and neurofibrils,

and show positive oxidase and peroxidase reactions;

and h) they do not degenerate following postgan-

glionic section. However, much of this is disputed,

both as to the findings and as to their interpretation

(21, 206, 290, 331, 396).

In view of the inconclusiveness of the neurohis-

tological evidence, the concept of a terminal syn-

cytium of nerve cells interposed between the post-

ganglionic nerve endings and the effector cells cannot

be accepted. There is no reason to suppose that the

cells are anything but neurilemma cells, as suggested

long ago by Lawrentjew, Stohr, de Castro, Schaba-

dasch, Nageotte and others, and strongly supported

by the recent careful studies of Greving (181, 182)

and Herzog (203).

However, certain physiological and pharmacologi-

cal findings have been believed (6, 148, 417, 418)

to indicate the existence of a terminal nervous

syncytium, e.g. the diffuse character of the responses

obtained on stimulation of a small proportion of the

nerves supplying the smooth muscle of an organ.

Strictly localized responses are often found in smooth

muscle (8, iio, 127, 169, 211, 266, 300, 321), and

the diffuse responses usually obtained were ade-

quately explained by Langley (266) as being due to

"the intermingling of the postganglionic fibers which

occurs in the preterminal plexus on the way to the
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tissue." Further, since conduction throua;h smooth

muscle is not inhibited by local anesthetics (38, 60,

146, 393) or by ganglionic blocking agents (60, 126,

144, 379), it is doubtless myogenic and therefore

does not require conduction through a peripheral

nerve net (148, 377).

Two further considerations oppose the acceptance

of such a nerve net. First, the innervation of smooth

muscle in certain organs, such as the heart (370),

the cat retractor penis (332), certain small blood

vessels (300), the cat submaxillary gland (130, 299)

and fish melanophores (335), by two sets of fibers

with antagonistic actions seems incompatible with a

syncytially connected peripheral net (377). Second,

the assumption that the terminal parts of the auto-

nomic innerv'ation structure may remain more or less

intact after degenerative transection of the post-

ganglionic nerves, a correlate to the syncytium theory,

does not fit the evidence presented by von Euler and

his associates (171, 424, 425, 427), strongly indi-

cating that the adrenergic transmitter is accumu-

lated in the nerve terminals and clearly showing

that it disappears when the postganglionic fibers

degenerate.

The neurohistological investigation referred to

above led to a new concept of the innervation of

autonomic effectors according to \vhich the inner-

vation takes place by means of the autonomic ground

plexus, a plexus of axon ramifications embedded in a

fine-meshed network of anastomosing protoplasmic

strands formed by the terminal Schwann plasmodium

and directly superimposed on and probably contact-

ing all effector cells. The view that the plexvis is the

real inner\-ation structure is partly hypothetical as it

is based on the assumption that the plexus is a closed

terminal formation. The structure of the plexus re-

garded as a whole strongly supports this concept.

The morphological arrangement of the autonomic

ground plexus does not in itself give any clue to

the functional organization of effector innervation.

Cannon, Rosenblueth and their associates (cf. 76,

361, 368, 369) made the basic experiments necessary

for an understanding of this organization more than

20 years ago, and they developed a theory giving a

logical explanation to the phenomena observed.

This theory is founded on the assumption that only

some of the effector cells are directly innervated.

The chemical mediator liberated by the nerve im-

pulses in or at these 'key cells' diffuses to the non-

inner\ated cells; this free diffusion explains their

fundamental obser\ation that spatial and temporal

summation are quantitatively interchangeable in

autonomic effectors, the response being dependent

on the numljer of impulses per unit time only and

not on the number of activated ner\e fibers. In con-

trast to voluntary muscle, autonomic neuroeffectors

are thus not organized in units, but the innervation

is quite diffuse. Xow it is obvious that the key cell

principle is no necessary part of the theory and may
l)e dropped, as apparently it has been by Rosen-

blueth (362). The essential parts are the theoretic

aspects of the liberation, diffusion and action of the

mediator. Much evidence in fa\or of the Cannon-

Rosenblueth theory has accumulated (cf. 362), and

certainly any new theory concerning the innervation

of autonomic effectors must be able to account for

the phenomena of spatial and temporal summation

in the effectors.

Although leakage of the adrenergic mediator into

the blood and diffusion within autonomic effectors

have been demonstrated to occur, it may be that this

diffusion does not have anv phvsiological signifi-

cance for the innervation of an effector system. Direct

evidence concerning this proijlem has been obtained

from studies of the cytologically demonstrable cell

reactions evoked by reflex stimulation of the nerv-ous

centers of the adrenal medulla (206) and of the

submaxillary gland (207) with intact innervation or

partial denervation. Lack of space does not permit

more than a brief summarv, but a detailed discussion

of the validity of the conclusions is found in the

original papers. (.See also Chapter \'II by von Euler

on autonomic transmission in this work.)

Both in the cholinergic systems and in the adrenergic

system examined in the experiments, the results speak

for the view that the cell complexes are organized in

units which may be submaximally stimulated or

drop out of activity altogether when the glands are

partially denervated. The presence of more or less

submaximally activated complexes in spite of intense

stimulation, producing exhaustion changes in cells

with intact innervation, indicates that each unit

receives nerve terminals from several neurons. The

results further speak strongly against the assumption

that transmitter diffusion is an important innervation

mechanism. For instance, denervated cell complexes

do not show an\ activation through mediator diffu-

sion from highly active complexes immediately ad-

jacent to the denervated ones in spite of very intense

stimulation of long dvu-ation, denervation super-

sensitivity and cholinesterase inactivation. These

results are oijviously inconsistent with the transmitter

diffusion theory of Cannon and Rosenblueth. How-
ever, it is possible to form a new concept of autonomic
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innervation wliich may give an alternative explana-

tion for the observations of temporal and spatial

summation in autonomic efTector systems and further-

more an explanation for some of Rosenblueth's

observations not accounted for in his theory. This

concept, which also gives a reasonable explanation

of the puzzling morphological construction of the

innervation structure, especially the existence of

several axons in each strand of the plexus, may be

briefly summarized as follows.

The innervation structure consists of the auto-

nomic ground plexus within which each terminal

axon ramification has a certain extension and in its

course innervates a certain number of cells or cell

complexes forming a neuroeffector unit. To each

unit, however, sevCTal postganglionic neurons con-

verge, the terminal axon ramifications of which run

within the same strands of the ground plexus. By the

overlap thus present in the innervation structure the

response of the effector system may be modified by

both temporal and spatial summation.

It is obvious that this concept in no way contra-

dicts the arguments and concepts of Cannon and

Rosenblueth concerning the liberation and action of

the chemical mediator. The mediator diffusion

principle js replaced by a convergence principle on

the basis of which several experimental results in-

consistent with the diflfusion theory may be logically

explained. As the discrepancies have not been pointed

out by Rosenblueth, some of them will be briefly

discussed. From the crucial experiments on temporal

and spatial summation in the nictitating membrane
made by Rosenblueth & Rioch (369) it is clearly seen

that, according to the diffusion theory, the mediator,

locally liberated on stimulation of large or small

fractions of the nerves, must be assumed to have a

free diffusion to remote cells which is as complete

and of the same effective magnitude when large or

very small quantities are diffusing and when the

diffusion distance is long or short. This seems quite

unreasonable. The convergence principle, on the

other hand, gives an adequate explanation to the

experimental data; the spatial relationship between

the site of release and the site of action of the mediator

does not change when only a fraction of the nerves

instead of all are stimulated. It can be seen from the

same experiments that the mediator locally liberated

by impulses in only a fraction of the nerves to the

nictitating membrane must, according to the diffusion

theory, be assumed to diffuse freely to all the muscle

cells, even at the lowest stimulation frequencies

(less than i per sec). The results obtained in exactly

the same type of experiments with chronic partial

denervation of the membrane (246) are quite in-

consistent with this view and do not indicate a

mediator diffusion until a relatively high stimu-

lation frequency is used. Finally, Rosenblueth &
Rioch (369) have shown that cholinergic systems

behave in the same manner as adrenergic systems with

regard to temporal and spatial summation. This may
be said almost to invalidate the whole diffusion

theory. If it seemed unreasonable to have the same

free diffusion of the adrenergic transmitter under all

the experimental conditions examined, it certainly

seems highly improbable to have such a diffusion

mechanism in cholinergic effectors with their high

power of destroying acetylcholine. The view that

there exists a considerable convergence of nerve

terminals from different postganglionic neurons to

one effector cell group has strong support from a

recent study of the electrophysiology of the cat's

submaxillary gland (299).

It might be argued that the mediator overflow

found to occur on stimulation of adrenergic nerv-es

speaks in favor of the view that there is a considerable

transmitter diffusion within autonomic effectors, a

diffusion which has even been considered to make the

concept of innervation quite illusory. Admittedly

there is as yet no possibility of generalizing the

innervation theory launched above to hold for all

effector systems. However, the existence of the same
innervation structure in widely different effectors

and the possibility of giving a more adequate ex-

planation of the summation mechanism in cholinergic

as well as in adrenergic systems suggest a more general

applicability of the theory. Furthermore, evidence is

accumulating for the view that the adrenergic trans-

mitters are to a large extent inactivated locally at

the site of their release and that no significant ac-

cumulation or overflow take place on stimulation of

adrenergic nerves with frequencies within the physi-

ological range (81-83, 151). Quantitative determi-

nation of the norepinephrine output from the spleen

on stimulation at different frequencies strongly

supports this view (53).

There is good evidence that the chernical mediators

are produced by and acciimulated in the autonomic

nerve terminals (cf. 362, 423-425). All the available

data also speak for the view of von Euler that the

mediators are concentrated in high amounts in the

terminals. In fact, the amounts are so high that it

seems necessary to postulate that the individual

endings, each constituting a transmitting junctional

structure, cannot be tiny knobs or small axon ex-



HANDBOOK OF PHVSIOLOGV NEURGPHySIOLOCi' 11

pansions but must have a considerable length. This

is in good agreement with the assumption that the

apcon ramifications running in the autonomic ground

plexus are real terminals releasing the transmitters

when nervous impulses travel along them and thus

acting on the effector cells with very short diffusion

distances. This hypothesis makes it possible to explain

the dual innervation of an effector cell without post-

ulating the existence of two independent innervation

structures for which there is no morphological evi-

dence. It does not seem unreasonable that axon termi-

nals from both sympathetic and para.sympathetic

neurons may be enclosed in the same ground plexus.

On the contrary, all observations of the morphological

construction of the plexus point in this direction.

In this way both adrenergic and cholinergic medi-

ators may be released from an inner\ation structure

common to both autonomic svstems.

FUNCTIONAL SIGNIFICANCE OF AUTONOMIC NERVOUS

SYSTEM AND ITS SUBDIVISIONS

Our present knowledge of the basic coordinating

functions of the autonomic nervous system is founded

on the classical work of Cannon whose fascinating

ideas and brilliant capacity for systematization have

been of the utmost importance to the understanding

of this system. Any attempts to give a brief summary
of his contributions are doomed to failure but, fortu-

nately, his work and views have been summed up in

four monographs well-known today (70, 72, 76, 77).

According to Cannon, the sympathetic and para-

sympathetic divisions are organized quite differently.

The parasympathetic has a restricted distribution

with more or less local functions, the cranial division

as a 'conserver of bodily resources' and the sacral as a

'mechanism for emptying.' In contrast to this, the

s;^pathetic has a widespread activity with a diffuse

distribution of nerve impulses which makes it pos-

sible to call many different effectors into simultaneous

play whereby a variety of functions serve to maintain

homeostasis. Furthermore, the system subserves its

general functions in intimate cooperation with the

adrenal medulla, the hormone secretion of which

supports the sympathetic activities. This cooperation

is seen in many conditions of stress, above all in

states of emergency, and is of such importance that

the sympathetic division and the adrenal medulla

may be considered as a sympathicoadrenal system.

In general, in organs innervated both by the

sympathetic and parasympathetic, activation of these

systems produces responses opposite in direction.

The \alidity of the concept of the sympathetic as a

system maintaining homeostasis was elegantly demon-
strated in experiments on sympathectomized animals

(74, 376) which were shown not to differ markedly

from normal animals under protected conditions but

to have lost the ability to make acute adjustments

when subjected to stress. The problems of autonomic

regulations with regard to horneostasis have been ex-

tensively reviewed by Gellhorn (163). The concept

of the sympathicoadrenal system as a cooperating

unit has in a way received strong support from the

more recent investigations into the role of the adrenal

cortex in conditions of stress (cf 422).

It is evident, however, that a sharp distinction

between the sympathetic and parasympathetic

cannot be made from a functional point of view.

In certain effectors, such as the salivary glands, the

two divisions show synergistic effects and this may be

said to hold to some extent for the sphincter mech-

anisms in the gastrointestinal and urinary system

also. Other effectors, such as the heart, have their

activities delicately balanced by cooperation of the

sympathetic and parasympathetic in a strictly

reciprocal manner. The widespread diffusion of

sympathetic impulses may in a sense be considered to

be due not to an organization of the sympathetic

system different from that of the parasympathetic

but to the fact that the effector systems with the

same general functions, e.g. the skin vessels, have a

widespread distribution, and the diffuse character of

some parts of the sympathetic may be considered to

have its equivalent in the vagus system. There is,

furthermore, good evidence that some parts of the

parasympathetic division are activated and cooperate

with the sympathicoadrenal system in conditions of

stress (cf 163). This has been shown to hold above all

for the vagoinsulin system, the activation of which

gives an insulin secretion interpreted to be an im-

portant adjustment enabling the striated muscles to

utilize more fully the blood sugar which is increased

by the acti\iiy of the sympathicoadrenal system

(cf 164).

The concept of the svmpathicoadrenal system has

unfortunately not been adjusted to the demands of

the new evidence concerning the differences in

actions and functions of epinephrine as a hormone

with mainly metabolic effects and of norepinephrine

as an adrenergic transmitter. Indiscriminate use of

the concept has been criticized on this basis by von

Euler (cf 423-425). This suljject is, ho\vc\'er, dealt
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with by von Euler in Chapter \'II in this work

dealing with autonomic transmission. The role of the

medullary hormone secretion in the control of the

various sympathetic effectors has recently been de-

termined by quantitative methods (8i, 154, 291).

The results clearly show that the effectors are quite

dominantly controlled by sympathetic nerve im-

pulses and not by the medullary hormones which
von Euler has suggested to ha%e primarily metabolic

functions.
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THE GREEKS BELIEVED that the Waste products of a

chemical reaction, whereby blood was endowed

with 'animal spirits' in the brain, flowed down the

funnel-shaped infundibulum to the pituitary gland.

From the gland ducts were supposed to pass these

waste products into the nasal cavity to form the

'pituita' ornasal mucus. This view was held for many
hundreds of years. It is of interest that .so far as the

pituitary stalk is concerned similar views have been

re-expressed in recent years. It is likely that posterior

pituitary hormones pass, in some form, down the

nerve fibers of the stalk to the neural lobe; and that

the anterior lobe of the pituitary is brought under

hypothalamic control by means of some humoral

agent or agents passing down the portal blood vessels

of the stalk to the gland.

ADENOHYPOPHYSIS

Central Nervous System Effects on

Anterior Pituitary Activity

The first evidence that the central nervous .system

might exert a decisive influence on the activity of the

anterior pituitary and its target organ glands came

from the studies of Marshall (220, 222, 223). He

1007
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drew attention to the fact that the sexual rhythms of

many birds and mammals are conditioned by clianges

in the external environment which in all probability

afifect anterior pituitary activity through the central

nervous system. "... and it would appear certain

that many external factors which regulate the cycle

act through the intermediation of the central nervous

system upon the anterior pituitary, this gland playing

the part of a liaison organ between the nervous

system wiiich is affected by stimuli from without and

the endocrine system ..." (222). The basis for such

a view was the study of the reproductive cycles of

man>' animals in relationship to a variety of environ-

mental factors such as food, light, temperature,

presence of a mate and so on. It was observed (221)

that many birds and mammals will show a reversal of

the time of the breeding season after tran.sference

across the equator. One of the clearest examples of

environmental influences on gonadal activity is the

efifect of variation in environmental lighting. Among
the common mammals the reproductive rhythm of

the mouse (13, 135), rat (45, 74, 102, 265, 332),

ferret (28), hedgehog (i), cotton-tailed rabbit (32),

cat (70), raccoon (31), goat (30) and sheep (166,

366) is sensitive to changes in environmental lighting.

Of these animals the response of the ferret has been

most subjected to experimental study. The optimum

light wavelengths (224) and duration of light/dark

ratios (145, 167), the necessity of the optic nerves

(29, 55), of the hypophysial portal vessels (81), and

of the pituitary gland (176) for this response have all

been demonstrated. The anestrous state of the female

ferret during the months of September to February

is most easily changed to estrus if the animals are

exposed to 16 hr. of light per day of a wavelength

between 6500X to 3650X. It seems that the stimulus

of light initiates a nervous reflex through the eyes and

optic nerves which by some unknown neural pathway

excites the adenohypophysis via the pituitary stalk

and the resultant discharge of gonadotrophic hormone

results in ovarian activity. Many examples could be

quoted of similar reactions in birds. There is evidence

that the visual and auditory display of other members

of a flock may be indispensable to the reproductive

activity of individual birds (69). Further the number

of eggs laid in a clutch seems to be regulated through

either visual stimuli or proprioceptive stimuli Irom

the ventral body surface (see 220). In most birds and

some mammals (rabbit, ferret, cat, ground squirrel,

short-tailed shrew and mink), the occurrence of

ovulation is dependent on coitus or on some form of

sexual excitation. For example, the isolated female

pigeon does not ovulate, but if the bird is placed in

view of a male bird, another female or a mirror,

ovulation follows (230). Similarly, in the mammals
mentioned abo\e, ovulation is dependent on some

stimulus emanating from the male, another female,

or mechanical or electrical excitation applied to the

\agina or cer\ix uteri. The inechanism invoked is a

nervous reflex excitation of gonadotrophic discharge

from the pars distalis.

The data relating adrenal cortical activation to

environmental change are too well known and

numerous to list. The important work of Selyc (310,

311) first drew attention to the fact that a constant

pattern of response follows the application of many
difTerent types of stimuli, the common denominator

of which is that they tend to damage, or destroy the

homeostasis of, the organism. One element of this

'response to stress' is adrenal cortical activation. For

detailed references to the presently accumulated data

Selye's publications (312) may be consulted. In the

present context it may be mentioned that emotional

stress is a potent factor in evoking adrenal cortical

discharge, and observations on many forms, including

the mou.se (80), rat (343), rabbit (57) and especially

the human (33, 109, 175, 178, 181, 182, 248), form

strong evidence that in some way the central nervous

system e.xerts a controlling influence over the discharge

of adrenocorticotrophic hormone (ACTH) from the

adencjhypophvsis.

In the case of the secretion of thyrotrophic hormone

(TSH) the evidence is less complete. There is evidence

that the overacti\'ity of the thyroid in cases of Graves'

disease is secondary to emotional disturbances (40,

59, 77, 122, 144, 210-212, 216, 217, 246, 255), and

the idea is often implicit in clinical publications that

this thyroid hyperfunction is due to increased secre-

tion of TSH from the pituitary (328). Many workers

(38, 46, 242, 256, 356) have reported that emotional

and physical stress inhibits thyroid function. It seems

clear that in the normal experimental animal emo-

tional stress results in decreased thyroid activity (46).

The aboxe data form strong evidence that the

external environment, acting through the central

nervous system, may profoundly influence the se-

cretion of the follicle-stimulating, luteinizing, luteo-

trophic, adrenocorticotrophic and, possibly, thyro-

trophic hormones.

Armlnnn of HypDlhalainoadenohypophysial System

The nomenclature of Rioch et al. (284) will be

used in discussing anatomical details relating to the
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pituitary gland. Tiiese authors divide the pituitary

into the neurohypophysis ('posterior lobe') and

adenohypophysis ("anterior lobe"). The neurohy-

pophysis is subdivided into the three parts of the

gland—the median eminence of the tuber cinereum,

the infundibular stem and the infundibular process

or neural lobe. The adenohypophysis, derived

embryologically from Rathke's pouch, is subdivided

into the pars distalis, pars tuberalis and pars inter-

media. The neural stalk, together with its sheath of

portions of the pars glandularis, is designated the

hypophysial stalk.

The main secreting portion of the adenohypophysis

is the pars distalis and much interest has centered

around the anatomical pathway by which the

central nervous system influences this part of the

gland, and thereby affects also gonadal, thyroidal

and adrenocortical function. It has been argued at

different times that the pars distalis is controlled by

the hypothalamus a) by an inner\ation passing

through the peripheral autonomic nervous system

(svmpathetic fibers from the cervical .sympathetic

trunk and parasympathetic fibers from the facial

nerve), h) by a direct innervation passing through

the stalk of the gland, c) by a systemic blood supply

and d) by the hypophysial portal blood supply. In

view of the embryological origin of the pars distalis

from buccal epithelium, and its migration to its

final and constant attachment in all vertebrates to

the floor of the third ventricle, it would seem teleo-

logically reasonable to suppose that the influence of

the hypothalamus was exerted by a direct pathway

to the gland.

The first account of any nerves passing to the

pituitary gland was a brief mention of a sympathetic

supply by Bougery (39) in 1845. Many workers in

later years published findings in agreeinent (for

literature see 152), but the comprehensive and more

recent studies of Rasmussen (274) and Green (124,

125) fail to lend support to the view that the pars

distalis receives a substantial nerve supply of any

type. Rasmussen studied the nerve supply to the

anterior pituitary in many laboratory animals and

found a few sympathetic fibers entering the pars

distalis. Since large areas of the gland were found

to i)e free of nerve fibers, the conclusion was drawn

that the fibers present were vasomotor in nature.

Green (125), in a detailed study of the pituitary

gland, in many vertebrates ranging froin cyclostomes

to iTian, concluded, "In none of the animals studied

has an innervation of the pars distalis been found."

One of the difficulties in evaluating earlv work is

due to the capricious nature of silver staining tech-

niques. Such staining methods are likely to iin-

pregnate reticular connective tissue fibers as well as

nerve fibers (154). Therefore, when such stains have

been used (241, 337), accounts of a rich innervation

to the pars distalis must be viewed with caution

unless rigid control procedures have been applied.

Wingstrand (357), investigating the avian pituitary,

concludes, "In perfectly impregnated slides in which

the reticular fibers are unstained the adenohypophysis

contains no or very few nerve fibers." The experi-

mental data regarding the importance of a cervical

sympathetic innervation of the pars distalis are clear

in its implications. The fact that complete s\mpa-

thectomy does not prevent normal reproduction in

female cats (52) and does not cause any very signifi-

cant change in the metabolic rate of cats (52 ) or rats

(208) demonstrates that a sympathetic innervation

of the pituitary plays no appreciable part in the

control of the secretion of gonadotrophic or thyro-

trophic hormones. Also pseudopregnancy still follows

sterile coitus in the partially sympathectomizcd rat

(112, 340), and ovulation still follows sterile coitus in

the partially or completely sympathectomized rabbit

(42, 168).

A parasympathetic inner\ation of the pars distalis

was suggested as a possibility by Hinsey & Markee

(180). However, again the experimental data argue

against such a supply since it has been found that

removal of the sphenopalatine ganglia does not

result in any reproductive abnorinality in the rat

(313), and that the normal reflex release of gonado-

trophin still follows coitus in the rabbit after bilateral

avulsion of the facial nerve (143) and after destruction

of the petrosal nerves at the geniculate ganglia (341).

The hypothalamus sends a rich bundle of nerve

fibers through the infundibular stem to end in soine

part of the neurohypophysis. It is probable that a few

nerve fibers pass into the pars intermedia and pars

tul^eralis, but it is doubtful if any penetrate into the

pars distalis. Detailed references to the literature on

this subject have been given (125, 152, 156, 274).

Reports in the older accounts of a rich hypothalamic

innervation of the pars distalis are most likely to be

explained on silver impregnation of reticular con-

nective tissue fibers. Recent findings with the electron

microscope support this view. Electronmicroscopy

clearly differentiates between reticular fibers and

nerve fibers, and two independent groups (Palay,

personal communication; Farquhar, M. G. & J. F.

Rinehart, personal communication) have failed to

find any nerve fibers in the pais distalis with the use
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FIG. I. Diagram of a sagittal section through the pituitary

gland (of a rabbit) illustrating the general pattern of blood

supply. The anterior and posterior hypophysial arteries, A and

B, are derived from the internal carotid arteries. The arterial

twigs, C, to the pars tuberalis plexus (which in turn supplies

the primary plexus of the portal vessels) are derived from the

internal carotid and posterior communicating arteries. The
venous drainage, X), passes to surrounding venous sinuses in the

dura mater or in the basisphenoid bone. [From Harris (156).]

of this technique. The position may be summarized,

"The pars distalis of the pituitary may, in general

terms, be described as a gland under nervous control

but lacking a nerve supply" (152) and, "It is agreed

that the anterior pituitary is devoid of secretory

nerve fibers and that therefore the mechanisms of

secretion must be attributed to humoral factors that

reach the gland through its blood supply" (214).

The blood of the pars distalis may be likened to

that of the liver in that the gland possesses a systeinic

arterial supply, a portal blood supply and a systemic

venous drainage (fig. i). The systemic arterial supply

appears to be variable in pattern in different forms

(see 156). In some animals, such as the rabbit, a

definite arterial twig derived from the internal carotid

may be traced into the anterior lobe (150) while in

other forms, such as the bird (357), rat (205) and

human (236, 364), the systemic supply seems to be

scanty. However, interruption of the portal vessels

has been found to result in only minor degrees of

atrophy of the gland (see below) so that it is safe to

conclude that a functional systemic supply exists

whether it is in the form of capsular capillaries or

small arterioles.

The venous drainage of the anterior and posterior

lobes of the pituitary is by means of short wide veins

draining into surrounding venous sinuses in the dura

or in the sphenoid bone. A knowledge of the anatoiny

of the pituitary venous system, from the gland to the

jugular veins, is likely to be of great importance in

Fig. -2. Photograph of the anterior aspect of the pituitary

stalk in man. AT, artery of the trabecula; HS, hypophysial

stalk; PD, pars distalis. The blood vessels have been injected

with neoprene latex. Note the prominent trunks of the portal

vessels on the anterior surface of the stalk. These \essels trans-

port blood from the primary plexus, situated in the median

eminence of the tuber cinereum above, to the sinusoids of the

pars distalis below. (The latter sinusoids have been partly dis-

sected in the substance of the gland.) [From Xuereb et al.

(365)-]

future years (in attempts to collect pituitary venous

blood for direct assay of pituitary trophic hormones)

but so far seems to have received little study. In

general pattern it would appear to be very \'ariable

in different forms.

The hypophysial portal blood supply was first

noted by Professor F. I. Rainer of Bucarest and first

described in detail by Popa & Fielding (266, 267).

These workers described their findings in the human,

and were soon confirmed by Wislocki & King (361)

and Wislocki (358, 359) and later by Green & Harris

(126) and Wingstrand (357) in a variety of animals.

This vascular supply of the monkey (359) and man

(236, 365) has recently been studied in detail and

beautiful reproductions and microphotographs have
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been published (see tig. 2). The general nature ol'

the pituitary vascularization is shown in figure i

.

The mammalian system consists of small arterial

twigs from the internal carotid and posterior com-

municating arteries which supply a plexus lying

between the pars tuberalis and median eminence;

from this plexus capillaries or sinusoids of \'arying

shapes and sizes, often in the form of loops, penetrate

into the nervous tissue of the median eminence (the

primary plexus of the portal vessels) and then drain

by the large trunks of the portal vessels which run

down the pituitary stalk into the sinusoids of the pars

distalis. The phylogenetic constancy of these vessels

has been commented upon Ijy Green (125) who
examined the pituitary gland in 75 species of verte-

brates: "It is a remarkable fact that the hypophvsio-

portal circulation shows such minor variations

between related species and that the variations

described can be followed with such ease in so orderly

a manner in a phylogenetic series. Such constancy

suggests a functional significance. Were it not so,

wide variations might be expected to occur, since

the general morphology of the pituitary itself is any-

thing but constant." Since the blood in the portal

vessels has been seen to flow from the median

eminence of the tuber cinereum to the pars distalis

of the pituitary in amphibia, mice, rats, cats and

dogs (123, 127, 183, 331, 363), the view has been put

forward that the hypothalamus may exert its influ-

ence over anterior pituitary function through some

humoral effect mediated by these vessels. The idea

of a humoral control of the adenohypophysis by the

hypothalamus or neurohypophysis is not new (see

156, p. 164) but has gained force in the last few years

in the light of the above anatomical data and recent

experimental findings. There are clearly many
possibilities as to how such a mechanism might

function, but the most likely seems to be that nerve

fibers from the hypothalamus liberate some humoral

substance or substances into the capillaries of the

primary plexus in the median eminence and that

this substance is carried by the portal vessels to excite

or inhibit the cells of the pars distalis.

Hypophysial Portal J'essels and Anterior Pituitary Activity

The data that the hypophysial portal vessels are

the anatomical structures by which the hypothalamus

controls anterior pituitary secretion may be .summa-

rized as follows.

a) The hypothalamus exerts an important regu-

latory effect on adenohypophysial function but the

gland lacks a nerve supply. Hinsey & Markee (180),

Friedgood (iii), Harris (148) and Brooks (43) all

suggested, over 20 years ago, that the hypothalamus

or neurohypophysis might affect the release of lutein-

izing hormone from the anterior pituitary by humoral

means.

b) The finding that the hypophysial portal vessels

formed a constant anatomical link connecting the

median eminence of the tuber cinereum with the pars

distalis, and that the blood flow in these vessels was
from the tuber cinereum to the pituitary, led to the

suggestion that any humoral control transmitted to

the gland down the pituitary stalk was exerted

through these vessels.

c) Electrical stimulation of various regions of the

hypothalamus excites gonadotrophic (148, 151, 164,

218), aclrenocorticotrophic (72, 188, 271) and thyro-

trophic (56, 164) secretion, although similar stimu-

lation of the pituitary gland itself is without effect

(72, 151, 164, 218). These data are compatible with

the view that the discharge of these hormones is

controlled by a neurohumoral mechanism involving

hypothalamic neurones (excitable by electrical

stimulation) and a humoral mechanism in the pitui-

tary stalk and gland (not excitable by electric stimu-

lation).

d) The discordant findings of different workers

regarding anterior lobe function after pituitary

stalk section may i)e explained by varving degrees

of regeneration of the portal ves.sels. Harris (153)

first observed such regeneration in the rat and noted

that it was correlated with the return of reproductive

activity. Regeneration of the portal vessels has now
been observed in mice (71), rats (153, 160), rabbits

(107, i8g), ferrets (81, 329) and monkeys (162), and

has been correlated with return of anterior pituitary

activity in mice (71), rabbits (107) and ferrets (81).

e) The pituitary gland transplanted to a site in the

body remote from the sella turcica shows at most only

fragments of normal activity. However, if the glandu-

lar tissue is transplanted in a hypophysectomized

donor to the sella turcica or to a site in the sub-

arachnoid space below the median eminence (128,

161), then the transplanted tissue may become

revascularized by the portal system and apparently

normal function returns (161).

The above data show that the hypophysial portal

vessels are in some way specifically related to the

normal maintenance and regulation of adenohy-

pophysial function. The mechanism by which these

vessels exert a controlling influence over the anterior

pituitary is not certain. The most likely theory is that
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FIG. 3. To compare different systems in which humoral

transmission of stimuli may occur: /) autonomic nervous

system, 2) neuromuscular ending, j) sympathoadrenal medul-

lary ending. In these three systems it is established that a

cholinergic (A.C.) or adrenergic (A) substance is liberated from

the nerve terminal and acts directly on the effector cell. 4)

Hypothalamoadenohypophysial system—in which the evidence

indicates that a short \ascular pathway intervenes between the

nerve terminal and effector cell, situated in the anterior pitui-

tary. 5) Hypothalamoneurohypophysial system—in which a

long vascular path ithe systemic circulation) intervenes be-

tween the nerve terminal in the neural lobe and the effector

cells in the kidney, breast or uterus.

the nerve fibers of the liypothalanius liberate some

humoral suljstance or substances into the primary

plexus of the portal vessels in the median eminence

which is carried to the pars distalis of the pituitary

vvhere it exerts a controllinE; action. However, as has

been stated (157), "... the neurohumoral view

. . . will only be established if it is possible to firstly

identify a particular substance which exerts a direct

action on anterior pituitary cells; secondly, to show

this substance is present in the Ijlood in the hy-

pophysial portal ves.sels in greater amount than in

systemic blood; thirdly, to show that the concen-

tration of this substance in the blood of the hy-

pophysial portal vessels varies according to electrical

or reflex activation of hypothalamic nerve tracts;

and fourthly, to demonstrate that the activity of the

adenohypophysis is correlated witli this varying

concentration." None of the substances that have so

far been investigated may be said to fulfil these

criteria. However, the possibility that such sub-

stances exist is rendered more likely from what is

known regarding chemical transmission in the auto-

nomic nervous system and at the neuromuscular

junction, and from present theories regarding neuro-

secretion and the posterior pituitary gland (see fig. 3).

If the above view is correct, then the hypothalamo-

adenohypophysial unit would seem to occupy an

intermediarv position between these other two

mechanisms.

HUMOR.AL STIMUL.iiTION OF GONADOTROPHIC SECRETION.

Taubenhaus & Soskin (325) were the first to suggest

that the release of luteinizing hormone (LH) from

the pituitary was controlled bv a humoral mechanism

acting through the hypophysial portal vessels, Markee
('/ al. (219) proposed that an adrenergic mechanism

controlled LH secretion. They found that injection of

epinephrine into the pituitary gland of rabbits, by

means of a parapharyngeal operative approach,

resulted in ovulation in a proportion of cases—in 5

out of 10 rabbits following injection of about 100

Hg epinephrine (three injections of 40 /jl each of

I
' 1000 solution over the course of 30 min.). Donovan

& Harris (82) repeated this work, injecting the gland

through a hypodermic needle orientated stereo-

tactically and using a very slow rate of injection

(0.0002 ml per min. for 50 to 100 min.). They found

3 out of 16 rabbits ovulated when 60 to 120 /ag

epinephrine (bitartrate) was injected into the pars

distalis, and o out of g when 60 to 120 /ig norepi-

nephrine bitartrate was injected. In an attempt to

perfuse the pars distalis more completely with the

injected solution, injections were made into the

median eminence of the tuber cinereum on the

grounds that the solution might difTuse into the

primary plexus of the portal vessels and thereby be

widely and rapidly distributed in the anterior pitui-

tary. The striking feature of the results of injecting

epinephrine and norepinephrine solutions at this site

was the progressive reduction in number of positive

responses as the rate of injection of the solution was

decreased and as the pH of the solution was adjusted

to near neutrality. Control injection of isotonic sodium

chloride, tartaric acid and acetylcholine also resulted

in ovulation in 7 out of 25 cases. It is clear that the

correlation of the ovulation response with the chemi-

cal structure of substances injected into the tuber

cinereum must be made with caution.

Pharmacological blockade of reflexly induced, or

spontaneous, o\ulation has been studied in an at-

tempt to define a humoral excitant of the anterior

pituitarv gland. Markee and his co-workers found

that various sympatholytic agents blocked coitus-

induced ovulation in the rabliit providing they were

injected within 90 sec. of the mating act (295, 296).

Atropine was also efTectixe in this respect if injected
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within 30 sec. of copulation (297). Similarly in rats,

the spontaneous ovulation in this form could be

blocked by Dibcnamine or atropine (95J, and by

pentobarbital and other barbiturates (94). Ovulation

is delayed by 24 to 76 hr. in the cow after atropine

administration (146). Estrogens stimulate the release

of LH in the rat and if administered to the pregnant

animal will result in ovulation. This response may be

blocked in a high proportion of cases by Dibenamine

or atropine injected prior to, or as much as 20 hr.

after, estrogen administration (294). In another form,

the hen, ovulation is induced by progesterone (iio).

This action of progesterone may also be blocked by

Dibcnamine (336). The site of action of such drugs as

atropine, Dibenamine and SKF-501 in blocking ovu-

lation is not clearly established. Markee and his

co-workers put forward the suggestion that atropine

acts, in this respect, i)y blocking synaptic transmission

in the hypothalamus and that sympatholytic drugs

act by blocking an adrenergic mechanism at the por-

tal vessel-pituitary level. The results obtained by the

use of such drugs do not point solely in the direction

of an adrenergic agent as being the humoral trans-

mitter since Dibenamine possesses some antihista-

minic activity (249) and is said to be a powerful

antagonist of 5-hydroxytryptamine (91).

Benoit & Assenmacher {23, 32) have produced

evidence that a stainable neurosecretory material,

originating perhaps in the tuberal nuclei, may play

a role in the regulation of gonadotrophic secretion.

HUMORAL STIMULATION OF ACTH, TSH AND LACTOGENIC

SECRETION. The most direct data regarding humoral

control of ACTH secretion are those reported by

Porter & Jones (268). These workers hypophysecto-

mized dogs and collected blood from the empty sella

turcica, blood that was derived in part from the

upper cut end of the pituitary stalk. The ACTH-
releasing potency of this blood was studied by injec-

tion into rats pretreated with hydrocortisone. (Such

animals were found not to respond to the stress of

unilateral adrenalectomy with adrenal ascorbic acid

depletion.) Injection of portal vessel blood caused

adrenal ascorbic acid depletion in hydrocortisone-

inhibited rats but not in hypophysectomized rats,

while injection of blood obtained from the carotid

artery ofthe dog did not cause ascorbic acid depletion

in either the hydrocortisone-treated or hypophy-

sectoinized animal. The conclusion is drawn that

some substance is present in blood drawn from the

hypophysial portal vessels, but not in carotid artery

blood, that evokes ACTH release from the anterior

pituitary by a direct action on the gland. Somewhat
similar results have been obtained by Schapiro el al.

(302) who collected blood from the jugular vein of

stressed hypophysectomized rats and showed this

blood was active in eliciting ACTH release in rats

in which a hypothalamic lesion had been placed

that blocked a stress response. Porter & Rumsfeld

(269) have fractionated portal vessel plasma, and

their results indicate that the substance responsible

for pituitary activation is either a large protein

molecule or is bound to a large protein molecule and

is probably not vasopressin.

Some years ago Long and his collaborators sug-

gested that medullary hormones .secreted \>\ the

adrenal gland might play a part in the stimulation of

ACTH release following stressful stimuli. While the

medullary hormones may play a role in stress activa-

tion of the adrenal corte.x in the normal animal, they

cannot be regarded as essential to the response since

adrenal demedullation has been found by many
workers (see 159) not to affect the adrenocortico-

trophic effect of stress. However, the above data and

the fact that epinephrine has been shown to exert a

direct effect on transplanted anterior pituitary ti.ssue

(!o6, 237) raised the possibility of an adrenergic

mechanism underlying hypothalamic activation of

ACTH release via the portal vessels. Evidence on this

point has been obtained with the use of sympatholytic

agents. Some of the early investigators reported a

partial blockade of the ACTH response to stress by

ergotamine (285), Dibenamine (257, 285, 308) and

N - (g - fluorenyl) - N - ethyl -
fi

- chloroethylamine

hydrochloride (SKF-50!) (29BJ, while in the hands

of other workers Dibenamine (104, 326), ergotamine

(121) and dihydroergocornin (11) proved ineffective

in modifying the stress response. One complication

encountered in these studies was the fact that admin-

istration of the blockading drug is in itself a nonspecific

stress and evokes ACTH discharge. This difficulty has

since been overcome by inducing a state of adaptation

to the blockading drug by repeated administrations

prior to the experiment. Using this technique, Guil-

lemin (136) has shown that treatment of rats with

SKF-501 and dibenzyline blocks the release of ACTH
consequent to administration of epinephrine or nor-

epinephrine while the adrenal a.scorbic acid response

to the stress of formalin administration or immo-

bilization is unaltered. These, and similar experiments

using Phenergan (138) and atropine (136), militate

strongly against the necessary participation of a

cholinergic, adrenergic or histaminergic link in hy-

pothalamopituitary activation. One pharmacological
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agent which has been found to prevent a stress

response on the part of the adrenal cortex is mor-

phine. [See the excellent review of their work by

Munson & Briggs (247) and the later confirmatory

work of Ohler & Sevy (253).] Morphine effectively

blockades the normal response to injection of hista-

mine, epinephrine, vasopressin, surgical trauma and

unilateral adrenalectomy. On the likely assumption

that morphine exerts its action at some point in the

central ner\ous system, possibly in the hypothalamus,

Munson & Briggs argue that these data make it seem

unlikely that histamine, epinephrine or vasopressin

play any essential part in the normal activation of

pituitary ACTH secretion. However it is also possible

that morphine acts in some way directly on the pitu-

itary gland. In that case the finding of Ohler & Sevy

(253) may be of more physiological significance—that

injection of adrenal cortical extract blocks the ACTH
response to operative stress and to administration of

sympathomimetic amines but, even in large doses,

has little effect against vasopressin-induced adrenal

ascorbic acid depletion.

In the last few years data have been brought for-

ward relating the hormones of the neurohypophysis

to humoral activation of the adcnohypophysis. If this

is substantiated an obvious correlation would be ap-

parent, from the teleological viewpoint, Ijetween the

embryological formation of the adcnohypophysis and

its mode of regulation. The evidence may be sum-

marized as follows.

(i) In vitro studies. Pars distalis tissue has been

cultured in roller tubes by Guillemin and his co-

workers (137, 139-141). They found that .such cul-

tures did not release ACTH into the fluid medium
after the 8th day of incubation unless explants of the

hypothalamus or median eminence were added to the

culture. Control tissue in the form of cerebral cortex,

liver or spleen was without effect. Data were produced

that histamine, acetylcholine, 5-hydroxytryptamine

(serotonin), oxytocin, norepinephrine and vasopressin

(all known to be present in the hypotlialamus) were

not the compounds responsible for the effect of

hypothalamic tissue (141). However commercial

pitres.sin was active in this respect, although purified

arginine-vasopressin was not; therefore the conclusion

was drawn that the effect of the commercial extract

was due to some fraction extracted with the posterior

pituitary hormone (139). Results obtained after frac-

tionation of hypothalamic and crude posterior pitui-

tary extract are in agreement with this view (140).

The independent studies of Saffran and his colleagues

in Montreal (290-292) are in general agreement.

These workers used incubated pituitary and adrenal

tissue in a more acute type of experiment and a

chemical method for measuring the adrenal corticoids

released into the incubation medium. An ACTH-
releasing factor was found in posterior pituitary ex-

tracts and in vasopressin prepared by the method of

Stehle and Fraser. Howe\er the ACTH-releasing

factor was found to be distinct from vasopressin and

o.xvtocin, and its activity was found to be enhanced

by norepinephrine. The active substance has now
been isolated by paper chromatography.

h) In vivo studies. McCann & Brobeck (234) have

reported that injection of large doses of vasopressin

increases adrenocortical activity in the rat. Sayers &
Burks (300) and Sayers (299) find that pitressin,

extracts of the rat neurohypophysis and du Vigneaud's

purified vasopressin increa.se the blood level of ACTH
in the adrenalectomized and anesthetized rat. Pitocin,

epinephrine and extracts of spleen, muscle or liver

were inacti\e in this respect. Some experiments on

the human (239, 314) have shown that administra-

tion of pitressin is more effective in evokine; adreno-

cortical activity than pitocin. Studies of hypothalamic

lesions have shown a relationship between the site of

lesions which produce diabetes insipidus and those

which block .'^CTH discharge in response to stress

(234), and those that prex'ent compensatory hyper-

trophy of the adrenal cortex which normally follows

unilateral adrenalectomy (113). Martini and his

colleagues (227-229) have found that antidiuretic

and oxytocic hormones cause signs of adrenal activa-

tion when injected into normal, but not hypophy-

sectomized, rats. They obtained evidence that this

was a direct effect on pars distalis tissue by experi-

ments utilizing intraocular anterior pituitary trans-

plants.

The possibility that the release of lactogenic hor-

mone from the pars distalis is stimulated by oxytocic

hormone has been raised by the observations of

Benson & Folley (25). They found that the mammary
glands of lactating female rats from which the litters

liad been removed were maintained in a more active

state if repeated injections of oxytocin were given.

A relationship between TSH secretion and pos-

terior pituitary hormone has also been suggested.

Dubreuil & Martini (86) have reported that the up-

take of radioactive iodine by the thyroid gland of

male rats is increased by previous administration of

vasopressin, and Harris & Woods (164, 165; un-

published observations) find that electrical stimula-

tion of the hypothalamus in the region of the supra-

opticoh\ pophysial tract, known to be effective in



releasing posterior pituitary liornione, results in

increased thyroid activity (especially in adrenalecto-

mized animals).

c) Studies of neurosecretion. A possible relationship

of the neurohypophysis to ACTH release has been

discussed by workers studying the neurosecretory ma-

terial of the hypothalamus and posterior pituitary

gland. The fact that stimuli which evoke discharge of

ACTH also result in depletion of neurosecretory ma-

terial, and that neurosecretory material is closely

associated with posterior pituitary hormone, has sug-

gested to some workers (244, 254, 287, 303) that this

product of the hypothalamohypophysial tract is

liberated into the portal vessels and plays the part of a

humoral transmitter to the anterior pituitary to ex-

cite ACTH release. As mentioned abo\e, Benoit &
Assenmacher (22) also associate neurosecretory ma-

terial with the stimulus to the release of gonadotrophic

hormone.

The evidence that neurosecretory material or

posterior pituitary hormone is concerned as an inter-

mediary in hypothalamic regulation of anterior pi-

tuitary activity is certainly incomplete and equivocal.

For example, the in vitro studies of Guillemin and of

Saffran quoted abo\-e show that highly purified prepa-

rations of posterior pituitary hormone are not active

in causing ACTH discharge. The fact that pitressin

is not active in the morphine-treated rat (247) and

the results of older studies discussed by Harris (158)

would argue against this interesting speculation. More

experimental data are clearly required.

Control of Anterior Pituitary Activity

GENERAL PICTURE OF RECIPROCAL RELATIONS BETWEEN

CENTRAL NERVOUS SYSTEM AND ENDOCRINE SYSTEM.

The central nervous system and the endocrine system

are related in a reciprocal fashion (fig. 4). There are

many data which indicate that the nervous system

regulates the activity of the adenohypophysis and

neurohypophysis, and there can be little doubt that

the anterior pituitary gland is in turn the major factor

responsible for the activity of the testes, ovaries,

thyroid and adrenal cortex. On the other hand there

is also much evidence of the reverse reaction, that the

hormonal secretion of the anterior pituitary target

glands react back on to the central nervous system.

Two types of effects appear to be mediated. First, to

take for example the ovaries, it is well known that a

rise in the blood concentration of o\arian hormones

exerts an effect, probably on the nervous system,

which results in a decreased secretion of gonado-
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FIG. 4. To illustrate the reciprocal relationship between the

central nervous system and endocrine system. The central

nervous system mediates the effects of environmental changes,

and exerts a regulatory influence over the anterior pituitary

gland, which in turn controls the ovary, testis, thyroid and

adrenal corte.x. The hormones from the latter glands in turn

'feed back' to the central nervous system and pituitary gland

to influence a) the behavior of the animal and b) the activity

of the anterior pituitary.

trophic hormone. In this way a type of feed-back

mechanism exists, maintaining the pituitary-o\arian

activity at a constant level. Second, changes in the

blood concentration of the target organ hormones

affect the nervous system and thereby overt patterns

of behavior. The complicated pattern of courtship,

coital and after-play responses of the estrous or

estrogenized female cat may be cited (see 14). The

effect of varying blood concentration of gonadal

hormones on reproductive behavior is dealt with in

Chapter XLIX by Sawyer on this subject.

In considering the part played by the central

nervous system in maintaining (under constant en-

vironmental conditions) and regulating (under condi-

tions of changing environment) the activity of the

gonads, thyroid and adrenal cortex, it is necessary to

know the activity of the endocrine system at different

'levels': a) the autonomous activity of the gonads,

thyroid and adrenal cortex in the hypophysectomized

animal; and h) the activity of the gonads, thyroid and

adrenal cortex when anterior pituitary function is

autonomous, i.e. the gland is present but i.solated

from the central nervous .system (by pituitary stalk

section or pituitary transplantation).

With this background of information it is then
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possible to estimate the degree to which endocrine

function is dependent on the central nervous system.

ENDOCRINE ACTIVITY AFTER HYPOPHYSECTOMY. It haS

long been known that hypophysectomized animals

survive for longer periods than adrenalectomized, a

fact which indicates some adrenal cortical activity on

the part of the hypophysectomized preparation. Re-

cent ineasurements (277) of adrenal activity in the

hypophy.sectomized dog have shown the rate of

secretion of aldosterone to be 66 per cent that of

control animals, while for 1 7-hydroxycorticosterone,

corticosterone and i i-desoxy-i 7-hydro.\ycorticos-

terone it was only 10 per cent. The thyroid gland

retains some slight activity in the absence of the

pituitary for the thyroid of the hypophysectomized

rat (2, 273) and rabbit (48) still accumulates radio-

active iodine and discharges r'"-labeled hormone into

the blood, although at a low rate. The ovaries and

testes appear more wholly dependent on the presence

of an intact pituitar)-, although in some species, such

as the rat, the initial stages of oogenesis and spermato-

genesis still occur after hypophysectomy (320).

The slight autonomous activity of the adrenal cor-

tex and thyroid shown by the hypophysectomized

animal is probably independent of the blood level of

adrenal cortical and thvroid hormones. This has been

shown for the adrenal cortex by Sayers & Sayers

(301) who found the effect of administration of ex-

ogenous ACTH on the ascorbic acid concentration of

the gland was not modified by administration of

adrenal cortical extracts. In the case of the thyroid

the position is not so clear. In the hypophysectomized

rabbit thyroxine does not affect the rate of release of

radioactive hormone from the thyroid (47) nor the

response of the gland to administration of exogenous

TSH (47, 344). In the hypophysectomized rat thy-

roxine administration was found (88) to produce no

change in thyroid weight, but it has been observed

{58) to reduce the thyroid response to exogenous TSH
as judged by the criteria of mean thyroid acinar cell

heights and the percentage of uptake of I"'. How-
ever, it is felt that the rate of secretion of radioactive

hormone gives a more direct ineasure of thyroid

activity than histological or I "'-uptake measurements.

There is no evidence that environmental stimuli

can effect the activity of the gonads, adrenal cortex or

thyroid in the hypophysectomized animal. It should

perhaps be pointed out that the factors regulating the

release of aldosterone from the adrenal are not well

known. There is evidence that the secretion of this

hormone in the dos and rat is not controlled to the

same degree by the anterior pituitary as is the secre-

tion of glucocorticoids (96, 97, 277, 286, 316) but

may be affected separately by the ionic balance of

the blood (286, 317, 342). Another recent view is

that aldosterone secretion is controlled by a hormone
liberated from the central nervous system and carried

to the adrenal in the general circulation (276). It is

possible that the release of this hormone could be

affected in the absence of the pituitary.

.i^NTERlOR PITUITARY ACTIVITY AFTER PITUITARY STALK

SECTION OR TRANSPLANT.4TION. Section of the pituitary

stalk interrupts the hypophysial portal blood vessels.

It has now been established that after simple stalk

section this s\stem of vessels regenerates across the

site of section in the majority of animals [mouse (71),

rat (153, 160), rabbit (47, 50, 107, 189), ferret (81,

329) and monkey (162)]. Further, if stalk section with

plate insertion is performed, a capillary plexus may
in some cases form in the fibrous capsule of the plate

and so re-establish at least slight vascular continuity

between the median eminence and adenohypophysis

(107, 345). If the plate is slighth' misplaced then

larger vessels may rejoin the stalk ends around the

borders of the plate (81, 153).

Most workers are agreed that section of the hy-

pophysial stalk interferes with anterior pituitary func-

tion in a large number of cases. Two views have been

put forward in explanation. First, that stalk section

decreases the blood supply of the anterior pituitary to

a sufficient extent to result in ischemic atrophy and

thereby loss of function of the gland. Second, that

stalk section deprives the anterior lobe of some specific

physiological stimulus, emanating from the hypo-

thalamus and transmitted through the portal vessels,

which is necessary for the normal activity of the gland.

To estimate the significance of adenohypophysial

atrophy after cutting the stalk it is necessary to meas-

ure the \olume of tlie pars distalis rather than that of

the whole pituitary. Section of the pituitary stalk in

the rat is followed by a slight and variai:)le area of

necrosis in the center of the pars distalis. This butter-

fly-shaped (in transverse section) area has been

ob.scrved after extensive electrolytic lesions in the

median eminence (Dumont, S., personal communica-

tion) and has been depicted and described after stalk

section (354) and after cautery of the portal vessels of

the rat pituitary stalk (67). Similar central necrosis

has been obser\'ed in amphibians (207), birds (22,

315), sheep (68) and humans (288; Ehni, G., per-

sonal communication). Some figures are av'ailable for

the amount of pars distalis tissue, well vascularized
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TABLE I . Volumes of the Whole Pituitary Gland, and oj Its Different Lobes in Rabbits Submitted to Simple

Stalk Section, and Stalk Section with the Insertion of a Plate Between the Cut Ends

Normals (21)

Simple stalk section (12)

Stalk section with a plate (28)

Whole Gland

I00.0±4.3*

62 .4±2 .9

73.8±4.2

Pars Distalis

ioo.o±5.6

67-5±3-9
82.9±5.4

Pars Intermedia

ioo.o±6,9

ioo.8±8.i

110.8+7.3

Neural Lobe

IOO.Ort4.6

26.6±2 . I

25.7±i.6

Median Eminence

IOO.O±6.2

i50.8±i3-8

206 . 2± I o .

8

Volumes for normal rabbits expressed as 100%.

Number in parentheses represents number of animals in group.

* Standard error of mean. Data from Campbell & Harris (50)

and well maintained, several weeks or months after

cuttina; the stalk. The pars distalis of the drake

atrophies to about 70 per cent of normal \olume after

cutting the hypophysial portal vessels (tractotomy)

(22), and that of the ferret shrinks to 80 to 95 per cent

of normal voluine (81). More detailed measurements

have been made in the rabbit (50), the results of

which are given in table i. In this form the pars

distalis atrophies to about three quarters of normal

size. In considering whether the functional defi-

ciencies of the pars distalis produced by stalk section

are consequent upon this degree of ischemic necrosis

and atrophy, two points arise, a) The same degree of

atrophy of the pars distalis occurs in the ferret (81)

and rabbit (50), and probably in the rat (153),

whetiier the stalk is simply sectioned or is cut and a

plate inserted between the cut ends. However, loss of

anterior pituitarv function is marked and constant

onK in animals in which a plate has been correctly

inserted between the stalk ends and is not detectable

in many animals following simple stalk section.

b) Studies of the functional loss following varying

degrees of incomplete hypophysectomy (118, 197, 198,

282, 321, 349) show that about 30 per cent of the

normal volume of the pars distalis is sufficient to

maintain normal anterior pituitary function, that 10

per cent will maintain some gonadotrophic activity

and may result in only minor degrees of adrenocorti-

cotrophic and thyrotrophic deficiency, and that some

adrenocorticotrophic function persists unless hy-

pophysectomy is complete. From the above data it

seems clear that anterior pituitary deficiency following

stalk section is not due to ischemic atrophy but is

probably due to interruption of some specific physio-

logical stimulus to the ^land derived from the hy-

pothalamus.

Gonadotrophic Secretion After Pituitary Stalk Section or

Transplantation. Early studies on the effect of pituitary

stalk section have been reviewed (156). It is sufficient

to give here as an example some of the work reported

on one species, the rat. In this form section of the

hypophysial stalk was found to result in lengthened

estrous cycles (44, 280), in gonadal atrophy in male

and female animals (41, 350, 351), and in normal,

lengthened or absent estrous cycles (74, 75). Similar

discordant results could be quoted in other forms

including the guinea pig, rabljit and dog. In 1950 it

was suggested (153) that a possible reason for the

discrepancies in these reports might lie in varying

amounts of regeneration of the hypophysial portal

vessels across the site of stalk section. To test this idea

Harris (153) cut the pituitary stalk by a temporal

approach in 53 female rats and found that the portal

vessels in the rat may regenerate rapidly across the

site of section and that the reproductive capacity of

the animals could be correlated with such vascular

regeneration. Creep & Barrnett (129) and Barrnett

& Creep (16) have studied the effects of pituitary

stalk section in male and female rats, but since the

parapharyngeal route was used to section the stalk

the final inicroscopic study of the region was com-

plicated by the presence of scar tissue and adherence

of the structures to the drill hole in the base of the

skull. Recent studies have been made in other forms

such as the duck, ferret and rabbit. Benoit & Assen-

macher, after a preliminary study of the anatomy and

blood supply of the duck pituitary (20), devised an

operative approach to the pituitary region which

allowed them to make a lesion in the anterior part of

the median eminence (eminentiotomie), to cut the por-

tal vessels of the pituitary stalk and place a plate of

sclera at the site of section (tractotomie) or to cut the

nerve fibers of the stalk {mischotomie). The former two

procedures were found to result in atrophic testes and

the last procedure to have no eflfect on the normal

development of the testes (9, 10, 21-23). These beauti-

ful experiments on the duck have made possible then

a differentiation between the importance of the nerv-
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ous and vascular components of the stalk for gonado-

trophic secretion. Shirley & Nalbandov (315) have

obtained similar results in the hen. Donovan & Harris

(81) observed that stalk section in the ferret was

followed by the development of light-induced estrus

if regeneration of the hypophysial portal vessels was

allowed to occur. If such regeneration was prevented

no estrous response to light was seen and the repro-

ductive organs were found to be atrophic. There was

no difference in size or vascularity of the pituitary

gland in the two groups. Thomson & Zuckerman

(329) had previously found that regeneration of the

portal vessels may occur in the ferret but thought that

such regeneration was not necessary for the light-

induced estrous response. Fortier et al. (107) studied

rabbits after pituitary stalk section. Again, those ani-

mals with well-marked portal vessel regeneration

showed normal ovaries and some accepted the male

and ovulated. The group in which vascular regenera-

tion was nearly or completely prevented had ovaries

and reproductive tracts indistinguishable from the

hypophysectomized control group. The volumes of

the pituitary glands in these two stalk-sectioned

groups were not significantly different (table i). From

the above results it may be concluded that the central

nervous system, acting via the hypophysial portal

vessels, a) maintains gonadotrophic secretion at its

normal level (as demonstrated by ovarian weight and

size, the onset and maintenance of estrus in the ferret

and rabbit, and the cycles of estrus in the rat), since

if the pituitary stalk is effectively cut no demonstrable

secretion of gonadotrophic hormone occurs (i.e. the

reproductive organs are indistinguishable from those

of hypophysectomized animals) ; and h) mediates re-

flex changes in gonadotrophic secretion dependent on

environmental stimuli (light-induced estrus in the

ferret, the pseudopregnancy response to sterile coitus

in the rat and the o\'ulatory response after coitus in

the rabbit).

The functional activity of the adenohypophysis is

very markedly reduced if it is transplanted to a site

in the body remote from its normal position, and in

this respect the anterior pituitary differs sharply from

the gonads, thyroid and adrenal cortex. The evidence

for this statement has been recently reviewed (23,

156). Although some gonadotrophic activity was

ascribed to pars distalis tissue placed ia the testis,

anterior chamber of the eye, thigh muscle and other

sites in several earlier studies (177, 231, 232, 260,

304, 305), the methods that were used for checking

the completeness of the initial "hypophysectomy must

be held open to doubt. More recent workers among

whom may be mentioned Westman & Jacobsohn

(353), Greer et al. (134), Cheng et al. (54), McDer-
mott et al. (237), Fortier (105) and Harris & Jacob-

sohn (161) have all reported that gonadal atrophy

follows transplantation of the pituitary gland to a site

remote from the sella turcica. The most convincing

evidence that pituitary tissue, isolated from the in-

fluence of the hypothalamus, still possesses some

residual gonadotrophic activity comes from the ex-

periments of Everett (92, 93) who made autotrans-

plants of the pituitary into the kidney of the rat and

found evidence for some secretion of iuteotrophic

hormone but not of follicle-stimulating or luteinizing

hormone. The question then arises as to the cause of

the difference in functional ability of transplants of

the gonads, thyroid and adrenal cortex as compared

with that of anterior pituitary transplants. One pos-

sible explanation appeared to be that gonadal, thy-

roidal or adrenal cortical tissue would receive its

physiological stimulus (in the form of gonadotrophic,

thyrotrophic or adrenocorticotrophic hormone) via

the general circulation wherever it was placed in the

body. On the other hand if anterior pituitary tissue is

normally activated by some humoral stimulus passing

to the gland lj\ the hypophy.sial portal circulation,

then if the gland is transplanted away from the site

of these particular vessels a loss of activity might be

expected. This view was put to the test by Harris &
Jacobsohn (161) who grafted anterior pituitary tissue,

in hypophysectomized rats, either on to the surface of

the temporal lobe of the brain, where it became vas-

cularized by the cortical vessels of the cerebrum, or

on to the tuber cinercum of the hypothalamus, where

it became vascularized by the hypopiiysial portal

vessels (fig. 5). In the case of the temporal lobe grafts,

no estrous cycles were observed and post mortem

the ovaries and reproductive tracts were found to be

completely atrophic. In contrast were the findings in

the animals with grafts under the tuber cinereum in

which normal reproductive activity (including regular

estrous cycles, pregnancy and lactation) was observed

to return in a large proportion of cases. It was con-

cluded from these experiments that good vasculariza-

tion irrespective of the source of the blood is not

sufficient to render anterior lobe tissue functional;

some additional factor is necessary and this factor is

present when the blood supply is derived, at least in

part, from the hypophysial portal system.

The study of pituitary grafts placed under the tuber

cinereum of hypophysectomized recipients (161) fur-

nished some data on two further points of interest
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with regard to hypothalamic control of the adeno-

hypophysis.

a) Lack of sexual differentiation of anterior pituitary

tissue. Gonadotrophic secretion in most female mam-
mals occurs cyclically while in the corresponding

males a steady level of secretion probably obtains. If

ovarian tissue is transplanted into castrate male rats,

follicular ripening occurs; but the cycles of ovulation

and luteinization have rarely been seen. This is

generally taken to indicate a relative lack of secretion

of luteinizing hormone by the male pituitary and

thought to indicate a sexual differentiation of pituitary

tissue. That this conclusion is not true may be seen

from the fact that male pituitary tissue grafted under

the tuber cinereum of hypophysectomized female rats

is capable of maintaining normal estrous cycles and

pregnancy in the female hosts (161, 226). Therefore

the rhythm of gonadotrophic secretion in the female

seems to be dependent neither on the presence of

ovaries nor on the presence of a genetically female

pituitary gland. It seems likely that anterior pituitary

tissue remains pluripotential in its functional ca-

pacity and that its pattern of activity in the male or

female depends on a stimulus derived from the (male

or female) hypothalamus.

b) Onset of puberty. It has long been known that

ovaries obtained from immature donors and trans-

planted into ovariectomized adult females show

hastened development. In a somewhat similar fashion

it has now been shown (161) that pituitary tissue

taken from newborn rats and grafted under the tuber

cinereurn of adult hypophysectomized females can

support adult female reproductive activity long before

the donor animals would have reached puberty. Thus

the onset of puberty cannot be attributed solely to

aging of ovarian or pituitary tissue and is probably

dependent on maturation of some neural mechanism,

the site of which may be in the hypothalamus. This

view is reinforced by those cases of precocious puberty

in the human which are associated with small local-

ized tumors of the hypothalamus (see 19, 347), and

the fact that hypothalamic lesions may hasten the

onset of puberty in young rats (84).

Adrenocorticotrophic Secretion After Pituitary Stalk Section

or Transplantation. As first pointed out by Selye (310,

311) the release of ACTH from the anterior pituitary

is induced by a great variety of stimuli and represents

a common response to the adverse changes of the

environment which have been grouped under the

term 'stressors.' Most studies of pituitary stalk section

have been made to see whether the procedure affects

the adrenal cortical response to stressful stimuli. In
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FIG. 5. Microphotographs of sagittal sections through the

hypothalamus, a pituitary graft and base of skull of a rat. X 42

Upper: An unstained .section loo /j. thick. Note the vascular

connections passing from the primary plexus (P.P.) of the

hypophysial portal vessels to the graft (A.L.). India ink in-

jected specimen. Lower: An adjacent section through the same

specimen as illustrated in upper portion. To show the graft, con-

sisting of anterior lobe tissue (.-i.L.). P.P., primary plexus.

10 fi thick. Hematoxylin and eosin. [From Harris & Jacob-

sohn (161).]

the hands of earlier workers stalk .section was generally

found not to prevent this response. Uotila (333) re-

ported that adrenal enlargement consequent to cold

exposure was not prevented in the rat by section of the

pituitary stalk. Similarly this procedure failed to pre-

vent the adrenal hypertrophy elicited by cold in the

rat (17) and dog (197), the cold-induced adrenal

cholesterol depletion in the guinea pig (324), and

the adrenal ascorbic acid response to injection of

histamine (53) or surgical trauma (108) in the rat.

However, it has since been shown that regeneration

of the hypophysial portal vessels may occur across

the site of pituitary stalk section. Among later workers

who have taken this factor into account may be

mentioned the following. Hume (184) placed a

polythene sheet between the cut ends of the stalk in

the dog and observed, nevertheless, a normal eosino-
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penic response to operative trauma or injection of

epinephrine. However since a detailed histological

study was not made the author concluded: ''It can-

not be conclusively stated that the hypophysial

vessels had not regrown." De Groot & Harris (72)

observed that electrolytic lesions placed in the path

of the portal vessels (in the zona tuberalis of the

pituitary gland of the rabbit) abolished the lympho-

penia that follows emotional stress, although lesions

of a similar nature in the center of the gland had no

effect. In a further study on stalk-sectioned mice de

Groot (71) found that those animals in which portal

vessel regeneration occurred showed a return of the

stress response after operation, whereas the animals in

which a plate had been placed between the ends of the

stalk showed loss of the adrenal response to stress for

the duration of the experiment and adrenal atrophy.

McCann (233) reported that the eosinopenia induced

i)y epinephrine and the adrenal ascorbic acid response

to unilateral adrenalectomy were prevented in the

rat by extensive electrolytic destruction of the pitui-

tary stalk. Donovan & Harris (81) studied the adrenal

weights of ferrets with cut stalks imder normal en-

vironmental conditions. Animals in which portal

vessel regeneration had been prevented showed a sig-

nificant loss of adrenal weight, whereas animals in

which vascular regeneration occurred across the site

of section showed no adrenal atrophy. This finding

was taken to indicate a reduction in the basal rate of

ACTH secretion under nonstress conditions following

interruption of the portal vessels. In the study of

Fortier et al. (107) on the rabbit, marked adrenal

atrophy was found to follow stalk section (although

not to the extent seen in hypophysectomized controls),

whether portal vessel regeneration occurred or not.

The responses to stressful stimuli were however dlfTer-

ent in the two groups in that the animals in which

vascular regeneration was prevented failed to respond

to stimuli calculated to give rise to predominantly

nervous or emotional excitation (restraint, exposure

to cold), although they did respond to stimuli involv-

ing tissue trauma or metabolic disturbances (lapa-

rotomy, injection of epinephrine). Recently Hume
(186) has made observations on the monkey in which

the pituitary stalk had been cut and a film of polythene

placed between the hypothalamus and pituitary

gland. In these animals the release of ACTH in re-

sponse to operative trauma i to 3 mo. after stalk sec-

tion was markedly decreased though not entireh'

prevented.

The results of studies utilizing the method of pitui-

tar)' transplantation are more clear-cm than those

using pituitary stalk section, perhaps because the com-

plete absence of hypophysial portal vessel regeneration

can be established with more certainty. As a prelim-

inary to the data mentioned below, it may be said

that if pituitary tissue is grafted in the hypophysec-

tomized rat under the median eminence of the tuber

cinereum, then adrenal glands within the normal

weight range are maintained (161). These pituitary

grafts were found to be vascularized by vessels de-

rived from the primary plexus of the hypophysial

portal system. In contrast to this finding are the

results of studies in which pituitary tissue is trans-

planted to a site outside the reach of the portal vessels.

Such grafts have been found by many dififerent

workers (54, 105, 161, 237, 238, 260, 306, 353) to be

incapable of maintaining nonnal adrenal weights,

and in most reports the adrenals are markedly

atrophic although slightly larger than in hypophysec-

tomized controls. The ACTH response of pituitary

transplants to the effect of stress stimuli has been

studied by many groups. Cheng et al. (54) showed

that the combined stress of unilateral adrenalectomy

and histamine injection resulted in a fall in adrenal

ascorbic acid concentration in pituitary transplanted

rats. Fortier & Selye (108) obtained the same result

in rats following unilateral adrenalectomy and expo-

sure to cold. The subcutaneous injection of epineph-

rine, or even of hypertonic saline, was reputed to

produce a significant fall of the blood eosinophiles in

pituitary transplanted animals (237). In 1951 Fortier

(105) made the significant observation that the ability

of transplants to release ACTH in response to stressful

stimuli depended on the type of stimulation used. He

found that hypophysectomized rats bearing intra-

ocular transplants, while still showing an eosinopenic

response to so-called systemic stimuli (cold, adminis-

tration of epinephrine or histamine), failed to give

any evidence of ACTH release in response to neuro-

tropic stimuli (ner\ous or emotional stimuli, such as

intense sound or immobilization on a board). It was

suggested that the hypothalamohypophysial path-

ways are required for pituitary activation in response

to stimuli acting via the central nervous system,

whereas the corticotrophic efTect of systemic stress is

mediated through changes in the composition of the

blood in the general circulation, acting either inde-

pendently or concurrently on the pituitary to elicit

the discharge of ACTH.
'fhyrfltroplnc Secretion After Pituitary Stalk Section or

Transplantaiion. Pituitary stalk-sectioned rats were

found l)y Uotila (y^-^) to possess thyroid glands that

were histologicalK normal. However, lack of good
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control procedures for assessing hypophysial portal

vessel regeneration left the finding open to doubt, and

especially since several workers (17, 352, 355) found

that stalk section results in histological signs of thyroid

atrophy. More recently it has been observed (81)

that effective stalk section (with little or no portal

vessel regeneration) results in a 4-hr. thyroidal uptake

of I''" in the ferret of about one-third normal, althous;h

stalk section which was followed by obvious portal

vessel regeneration did not decrease the uptake below

normal. Less valid criteria for assessing the absolute

level of thyroid activity (48-hr. uptake of P'" and rate

of release of hormonal radioacti\ity from the thyroid)

gave much the same result in the rabbit (47). These

results indicate that effective stalk section results in a

reduction of the basal level of thyroid activity although

not to that seen in the hypophysectomized animal,

and that it is interruption of the portal vessels of the

stalk that is responsible for this effect. Now, since in

recent years it has become apparent that various

noxious stimuli inhibit the activity of the thyroid

gland (46), it became of interest to see the effect of

pituitary stalk section on this stress response. In a

study performed on rabbits Brown-Grant et al. (47)

found that the operation of stalk section with plate

insertion largely abolished the ih\roid inhibition to

restraint but had little effect on the inhibition follow-

ing laparotomy. In simply stalk-sectioned rabbits the

thyroid response to restraint was still present in 1 1 out

of 1 2 animals and these rabbits were found, post-

mortem, to possess regeneration of the portal vessels.

These findings are consistent with the hypothesis of

Fortier (105) regarding the dual control of ACTH
release. In the same work it was found that injection

of thyroxine still inhibits the secretion of TSH in the

absence of anatoinical connections between the

hypothalamus and pituitary, thus indicating that a

direct action of thyroid hormone on anterior pituitary

cells is involved in the feed-back mechanism (see

below).

Transplants of pituitary tissue under the median

eminence of the tuber cinereum were found to main-

tain the thyroid in a normal state, as judged histo-

logically (161). In these cases the pituitary grafts were

vascularized by the hypophysial portal system (see

fig. 5), but in control animals in which the grafts

were placed in the subarachnoid space, outside the

range of the portal vessels, thyroid atrophy occurred.

This latter finding has been the usual experience of

workers who have studied the thyrotrophic activity of

pituitary tissue transplanted to a site remote from the

sella turcica. Schweizer & Long (307) found intra-

ocular transplants of the anterior pituitary maintained

some thyrotrophic activity in a few of their animals

i)ut at a greatly reduced level. Greer el al. (134) ob-

.served that pituitary transplants in hypophysec-

tomized mice did not maintain the weight of the

thyroid above that of Inpophysectomized controls but

that the uptake of I''" per unit thyroid weight and the

thyroid-serum iodide ratio was two thirds the level of

the intact controls, von Euler & Holmgren (345),

working on hypophysectomized rabbits bearing

pituitary transplants, found thyroid activity was re-

duced, although it was higher than in hvpophysec-

tomized control animals. They found further that the

thyrotrophic activity of the pituitary transplants was

no longer modified by exposure to cold, or by anes-

thesia, but was still inhibited l)y injection of thyroxine.

These workers confirmed the finding that thvroxine

may exert an effect directly on the pituitary s;land by

injecting minute amounts of thyroxine into the gland

in normal rabbits (344).

In summary, it may be said that the anterior

pituitary gland, disconnected from the central nervous

system, still maintains a residual secretion of TSH
and that this secretion may be inhibited by a raised

blood level of thyroxine or by stress stimuli which in-

volve tissue damage or cause a raised blood level of

adrenal steroids. The effects exerted by the nervous

system over TSH secretion would appear to be to

maintain the normal rate of .secretion and to modify

this rate in response to stimuli actinsj through the

central nervous system.

Lactogenic Hormone Secretion After Pituitary Stalk Sec-

tion or Transplantation. The nervous system may be

related to lactation in two ways. First, it is well

established now that the stimulus of suckling, and the

conditioned reflexes that may be associated with this

process, evokes nervous reflex release of oxytocic

hormone and that this hormone causes contraction of

the myoepithelial cells of mammary tissue and so a

positive milk ejection from the breast to the young.

Second, as first suggested by Selye (309), the nervous

stimulation of suckling may be of importance in main-

taining secretion of the lactogenic hormone and

thereby milk secretion. Both the neurohypophysis and

adenohypophysis may therefore exert an individual

and specific action on mammary tissue. It is possible

that the two lobes of the pituitary are interrelated in

lactation in yet a further way since Benson & Folley

(25) have found that the mammary glands of lac-

tating female rats, from which the litters had been

removed, were maintained in a more active state if

repeated injections of oxytocin were given. Oxytocin
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released from the neurohypophysis may stimulate the

secretion of lactogenic hormone from the pars distalis.

Any experiment designed to analyze the role of the

hypothalamus in lactation must then take cognizance

of this possibility as well as the fact that hormones

from bcjth lobes of the hypophysis are involved in

normal mammary function. Since the above informa-

tion is of recent origin, it is clear that the results ol

many older studies require re-evaluation.

The effect of pituitary stalk section on the secretion

of the lactogenic hormone is not clear. It has been

found that stalk section in lactating rats causes failure

of lactation in spite of functioning anterior pituitary

tissue and continued suckling {76, 173), results in

death of the young and mammary involution, al-

though not to the degree as seen after hypophysectomy

(igo), and may be followed by normal lactation (75).

Dandy (65) described a case of stalk section in a young

woman that was followed by normal menstrual

cycles, pregnancy, lai:)or and lactation. Since stalk

section may leave intact 10 per cent or more of

neurohypophysial tissue in the upper part of the

stalk and in the tuber cinereum, and since portal

vessel regeneration may occur to the pars distalis, the

interpretation of these results is open to doubt. A
somewhat clearer situation was found in hypophysec-

tomized female rats bearing pituitary grafts beneath

the median eminence of the tuber cinereum (161).

As described above, these animals showed normal

estrous cycles, mated and became pregnant, and

delivered living young. However, in spite of obvious

distension of the mammary glands with milk, the

young died from starvation unless the maternal rat

received repeated injections of oxytocic hormone after

which they survived and grew In these transplanted

animals then there existed a posterior pituitary de-

ficiency with failure of the milk-cjcction reflex.

Oxytocic replacement therapy revealed, however,

that anterior pituitary tissue grafted on to the median

eminence is capable of maintaining milk secretion.

Unfortunately the extent to which pituitary trans-

plants remote from the sella turcica support lactation

is not known since animals with such transplants do

not show estrous cycles or become pregnant.

TARGET GLAND ACTIVITY AFTER HYPOTHALAMIC

LESIONS. The fact that hypothalamic lesions may re-

sult in endocrine disturbances has been known since

Camus & Roussy (51), Bailey & Bremer (12) and

Smith (319) noted genital atrophy following damage
to this area of the brain. Later studies, using more

precise stereotaxic methods, have shown that large

lesions in the tuberal region of the hypothalamus,

which interrupt all hypothalamohypophysial connec-

tions, produce the same effects on pituitary function

as does complete and permanent stalk section. (The

one exception to this statement is the effect of these

procedures on stress-stimulated release of ACTH as

described below.) Smaller and more localized lesions,

placed bilaterally, produce differential effects on the

secretion of various pituitary hormones.

Gunadotropinc Secretion and Hypothalamic Lesions.

Gonadal atrophy has been obser\'ed to follow hypo-

thalamic lesions by many workers. One of the more

detailed studies is that reported by Dey and his co-

workers in a series of papers (see 78) in which they

studied the effect of such lesions on the estrous cycle

of guinea pigs. Loss of cyclical phenomena and genital

atrophy were found to follow lesions at the junction of

the hypothalamus and pituitary stalk. Sexual atrophy

in association with lesions of the tuber cinereum has

Ijcen observed in rats (35, 174, 233, 240), dogs (26),

rabbits (322) and cats (206). The production of

gonadal atrophy however, may not be a highly sig-

nificant response in \'iew of the fact that dietary

deficiency, metabolic upset and other general dis-

turbances could possibly give rise to the same phenom-

ena, indirectly.

A state of persistent estrus after the placement of

hypothalamic lesions has been reported in the guinea

pig and rat (3, 4, 18, 78, 132, 179). Most authors agree

the effectiv-e site for the production of this effect, viz.

the abolition of the rhythmic release of LH and the

constant secretion of FSH, lies behind the optic

chiasma in the region of the paraventricular nuclei.

These results cannot be attributed simply to the de-

struction of an LH-controlling 'center', for Greer

(132) found that the injection of small daily doses of

progesterone was followed by a resumption of 4- to

6-day vaginal cycles. Similarly, electrical stimulation

or caging with a male may also be followed by a dies-

trous interval in such persistent estrous animals.

A recent and striking finding has been the produc-

tion of FSH .secretion after placing lesions in the

anterior hypothalamus (83). In this study bilateral

lesions were placed behind the optic chiasma in female

ferrets at a time of year when the normal animal

would be anestrous. Within 3 to 7 weeks, 1 1 out of

18 animals were in full estrus. Since prolonged elec-

trical stimulation of the hypothalamus failed to elicit

the same result, the response is probably due to

destruction of a hypothalamic region which normally

exerts an inhibitory influence over FSH secretion.

These results seem in several wavs similar to those
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obtained by Flerko (103), and to those observed in

young children who develop hypothalamic tumors

and precocious puberty. The literature on these latter

cases is reviewed by Weinberger & Grant (347) and

Bauer (19). The experimental production of prema-

ture secretion of FSH, and precocious puberty, by

damage to the hypothalamus has been observed by

Gaupp (iig) in the rabbit and Dono\an & \an der

Werff ten Bosch (84) in the rat. One puzzling finding

of these results is that lesions in the anterior hypo-

thalamus (84) seem responsible for the release of

FSH secretion in the experimental animal, whereas

the general finding in clinical studies is that tumors in

the region of the mammillary bodies are more often

associated with pubertas praecox in the human. It

may be anticipated that this important field will re-

ceive much attention in the next few years.

ACTH Secretion and Hypothalamic Lesions. There is

good evidence that hypothalamic lesions will markedly

reduce, or abolish, the increased discharge of ACTH
that normally follows conditions of stress, de Groot &
Harris (72) found that bilateral electrolytic lesions in

the posterior part of the tuber cinereum or in the

mammillary body might aljolish the lymphopenia

produced by emotional stress in rabbits, and Hume &
Wittenstein (188) found that the eosinopenia following

stress in dogs was prevented by paramedian lesions in

the anterior hypothalamus. Hume (185, 186) has

more recently reported that lesions in the anterior

part of the median eminence are most effective in

abolishing the AC:TH response to stress. Confirmatory

results have been obtained in other forms, such as

rats (6, 90, 233, 318), cats (206, 270) and monkeys

{271).

a) Lesions and resting rate of ACTH secretion. Hypo-
thalamic lesions have been reported as having little

effect on adrenal size (116, 206, 233 j although the

stress-induced release of ACTH was blocked in some

animals. This would indicate that hypothalamic

lesions do not affect the resting rate of secretion of

ACTH. However, adrenal atrophy following hypo-

thalamic damage has been seen in a few animals (36)

and was reported (234) to follow interruption of the

supraopticohypophysial tract in rats in wiiich the

water intake per day was increased to 100 to 200 ml.

Greer & Erwin (133) have recently reported that

some adrenal atrophy occurs in the rat after lesions of

the median eminence. Since gonadal and thyroidal

atrophy may follow hypothalamic lesions it would ije

somewhat surprising if further observations showed

normal adrenals in the presence of similar lesions.

b) Types of stress. Destruction of areas in the median

eminence or posterior tuber cinereum has been found

to abolish the stress response to epinephrine, surgical

trauma or unilateral adrenalectomy (116, 187, 233,

270, 271). These findings are in apparent conflict

with the observations that complete separation of the

pituitary from the hypothalamus, by stalk section or

transplantation, is compatible with ACTH responses

to the same stimuli. A possible explanation has been

suggested by McCann (233). ''A neurohumoral sub-

stance is released in the median eminence which

normally traverses the hypophysial portal vessels and

causes release of ACTH. In cases of severe stress,

sufficient amounts of this substance may be released

to activate the anterior lobe via the general circula-

tion." On this view the response of the transplanted or

stalk-cut pituitary would not depend on the nature

but on the relative intensity of the stress stimuli which

would in all cases act through the hypothalamus.

c) Site of ejfective lesions. There is no general agree-

ment as to the site of lesions which result in blockade

of the ACTH discharge following stress. Some workers

place the efTective site in the posterior tuber cinereum

and maminillary region (72, go, 270, 271, 318) while

others give the eff'ective site as median eminence (206),

anterior median eminence (186, 187) or in the path of

the supraopticohypophysial tract (234, 235). Such

discrepancies as these are perhaps not surprising in

view^ of the complex, and largely unknown, anatomy

of the tracts in the hypothalamus and the fact that

many nervous reflex paths may initiate the ACTH
response to different types of stress stimuli.

d) 'Feed-back'' mechanism. It is well known that an

increased blood level of adrenal steroids inhibits

ACTH secretion and a decreased blood level (after

unilateral adrenalectomy) stimulates ACTH secre-

tion. Ganong & Hume (i 16) on dogs and Fulford &
McC^ann (113) on rats have both shown that the com-

pensatory hypertrophy after unilateral adrenalectomy

is abolished by lesions in the anterior median emi-

nence. However, Ganong & Hume (117) found that

median eminence destruction in the dog did not pre-

vent adrenal atrophy following administration of

cortisone. It is of interest that these superficially dis-

cordant findings are similar to those regarding the

feed-ljack mechanism of thyroid hormone (see below).

TSH Secretion and Hvpothalamic Lesions. Many
workers have now reported that lesions in the hypo-

thalamus may interfere with the normal secretion of

TSH (35, 36, 66, 115, 130, 131, 133, 278).

a) Lesions and resting rate of TSH secretion. There can

be little doubt that the normal resting rate of secretion

of TSH is reduced by lesions in the anterior hypo-
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thalamus. Greer (130) found the thyroid glands of

rats with such lesions (even treated with propylthio-

uracil) to be slightly smaller than untreated controls.

Bogdanove et al. (36) found that hypothalamic lesions

in rats resulted, in a few cases, in thyroid atrophy.

Ganong et al. (115) reported that in 5 out of 23 dogs

hypothalamic lesions resulted in a reduction in I'"

uptake by the thyroid and histological signs of thyroid

atrophy. These five animals were found to possess

lesions in the anterior end of the median eminence.

More recently D'Angelo & Traum (66) have demon-

strated both a thyroid atrophy, and a reduction (to

aljout one-half normal) of the TSH concentration in

the blood, following anterior hypothalamic lesions in

rats. It seems clear that the reduction of thyroid activ-

ity is not as great as that following hypophysectomy

which confirms the results di.scussed above obtained

by pituitary stalk section.

b) Site of effective lesions. There is general agreement

that the efTective site lies in the anterior hypothalamus.

Greer (130) states, "The impression gained so far,

however, is that the area is anterior to the ventro-

median nucleus and lies along or near the ventral

surface of the hypothalamus, possibly near the ventral

extension of the supraopticohypophysial tract." This

site has been confirmed in rats (35) and dogs (i 15).

c) ^Feed-back' mechanism of thyroid hormone. The fact

that large anterior hypothalamic lesions in the rat

(35, 130, 131) prevent the usual goitrogenic response

to propylthiouracil feeding and also prevent com-

pensatory hypertrophy in partially thyroidectomized

rats suggests that the hypothalamus is involved in

the stimulus to increased TSH secretion in response

to a lowered concentration of thyroid hormone in the

blood. On the other hand, the evidence that adminis-

tration of exogenous thyroxine still inhibits thyroid

activity in the pituitary stalk-sectioned rabbit (47), or

in the rabbit with the pituitary gland transplanted to

the anterior chamber of the eye (345), suggests that

an increased blood level of thyroxine may act directly

on the pituitary gland. This latter hypothesis is sup-

ported by the findings of von Euler & Holmgren (344)

who found that injection of minute doses of thyroxine

into the pituitary gland inhibited thyroid function,

whereas similar injections into the hypothalamus did

not. These curious findings are comparable with

those regarding the feed-iiack mechanism of adrenal

steroids.

TARGET GLAND ACTIVITY AND ELECTRICAL STIMULA-

TION OF HYPOTHALAMUS. Gonadotropliic Secretion and

Ily/iothalamic Stimulation. The original experiment

indicating that electrical stimulation of the nervous

system might result in discharge of anterior pituitary

hormone was made by Marshall & Verney (225) who
showed that diffuse electrical stimuli applied to the

head or lumbar spinal cord of rabbits resulted in dis-

charge of gonadotrophic hormone and therefore ovu-

lation and pseudopregnancy in a large proportion of

animals. Similar results were later obtained by Harris

(147) in rats in which a state of pseudopregnancy was

induced by cranial stimulation. In an attempt to

delimit the neural structure involved Harris (148)

applied localized electrical stimulation to various

regions of the hypothalamus and pituitary gland in

anesthetized rabbits and found that stimulation of the

tuber cinereum, posterior hypothalamus or pituitary

gland directly might result in ovulation or the forma-

tion of cystic and hemorrhagic follicles. These results

were soon confirmed, in the main, by Haterius &
Derbyshire (169) who placed the effective hypotha-

lamic site more anteriorly. Some 9 years after these early

results Markee et al. (218) found that stimulation ol

the tuber cinereum in the rabbit evoked discharge of

luteinizing hormone and ovulation but that direct

stimulation of the pituitary gland failed to give this

response unless there were signs of spread of the

stimulus. Perhaps the most satisfactory technique for

such studies is some variation of the remote control

method, whereby a coil, leads and electrodes are im-

planted subcutaneously so that after the animal has

recovered from the initial operation and is conscious

it may be stimulated by inducing the voltage from an

external field coil. With this technique the same site in

the nervous system may be stimulated in repeated

experiments and the results in any one animal thereby

confirmed several times. By its use it was found (151)

that stimulation of the tuber cinereum for as short a

time as 3 min. might result in a full ovulation response

but that similar stimuli applied to the anterior pitui-

tary, pars intermedia or infundibular stem for periods

of up to 7I2 hr. were without effect in causing

gonadotrophic stimulation. Since the pituitary gland

thus appears inexcitaijle to direct electrical stimula-

tion, these results called attention to the possibility

that the hypothalamus normally excites anterior

pituitary secretion by some humoral mechanism (151,

218).

The above work made use of the ovulation reflex

in the rabbit as a quick indicator of discharge of

luteinizing hormone. Stimulation of the hypothalamus

with observation of changes indicative of secretion of

FSH or luteotrophic hormone have rarely been made

since the slow nature of the phenomena involved en-
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tails technical difliculties. In recent work Donovan &
van der Werff ten Bosch (83, 85) found that electrical

stimulation of the anterior hypothalamus over periods

of 1 2 weeks failed to induce estrus in female ferrets

during the winter. Since lesions in the same sites in

anestrous ferrets brought them into heat, the possibil-

ity exists that FSH secretion is normally regulated by

an inhibitory neural mechanism and from the present

data it would seem more reasonable to see whether

electrical stimulation of the anterior hypothalamus

inhibited, rather than elicited, estrus.

ACTH Secretion and Hypotlialamic Stimulation, de

Groot & Harris (72) and Hume & VVittenstein (188)

first reported that electrical stimulation of the hypo-

thalamus in the conscious animal resulted in a dis-

charge of AC^TH as shown by a lymphopenia in the

rabbit (72) and an eosinopenia in the dog (188). In

both these studies the remote control method of

stimulation was used. Later workers have confirmed

these results, using the eosinopenic response and

implanted electrodes witii leads through the skin in

the cat (5, 270) and in the monkey (271). The site in

the hypothalamus from which such responses are

obtained has been given as the posterior tuber

cinereum (72, 185, 270, 271), mammillary bodies

(72, 270, 271) and more anteriorly in the median

eminence (5, 185). Surrounding areas in the hypo-

thalamus did not evoke the response and neither did

direct stimulation of the pituitary sjland itself (72).

TSH Secretion and Hypothalamic Stimulation. It is

claimed (73) that electroshocks applied diffusel)- to

the heads of guinea pis;s result in cytological signs of

thyroid activation and an increase in TSH in the

circulation within 30 min. More localized stimulation

of the hypothalamus was performed in rats and rab-

bits by Golfer (56) who found histological signs of

increased acti\'ity in the thyroid pro\iding stimulation

was applied for at least four i-hr. periods on each of

2 days. No optimum site for the response was found in

the hypothalamus, but control stimulation of the

thalamus or corpus callosum was without efifect.

More recently (164, 165) electrical stimulation of

various areas in the hypothalamus and pituitary

gland has been carried out using the remote control

method for stimulation in unanesthctized rabbits, and

the rate of release of thyroidal I"' and the blood con-

centration of protein-bound I''" for assessing thyroid

activity (fig. 6). Out of 43 rabbits stimulated, 9
animals showed increased thyroid activity that ap-

peared in every way similar to that following an in-

jection of thyrotrophic hormone. A striking feature is

the finding that after adrenalectomy (with cortisone

°/olOO

FIG. 6. To show the effect of electrical stimulation of the

median eminence on the biological decay of thyroidal radio-

activity (I"') and on the blood level of FBI'-'', .\drenalectomized

and ovariectomized rabbit. Previous to adrenalectomy, stimu-

lation had resulted in thyroid inhibition. [From Harris, G. VV.

& J. W. W'oods, unpublished observations.]

maintenance), 13 of 26 of the same animals showed a

clear-cut increase of thyroid function on stimulation.

Of these 13 animals, 10 had shown no thyroid response

before adrenalectomy; in the other 3 animals the re-

sponse was markedly increased after adrenalcctomv.

This change in response seems due to the removal of

the adrenal cortex since a) preliminary denervation

of the adrenals did not interfere with the effects of

adrenalectomy and b) administration of high doses of

cortisone to animals with an intact adrenal, in an

attempt to block AGTH discharge, often resulted in

positive ih\ roid response to stimulation which had not

been seen previously. Since administration of .\CTH
or compounds B, E or F has been shown to result in

diminished thyroid acti\it\ in the rabbit and other

forms, probably by inhibiting secretion of TSH, and

since electrical stimulation of the hypothalamus is

known to evoke discharge of .XGTH from the anterior

pituitary, it seems likelv that adrenalectomy is effec-

tive since it prevents any sudden rise in the blood con-

centration of adrenal steroids during the period of

stimulation. A noteworthy feature of these results was

the fact that hypothalamic stimulation could main-

tain an increased thyroid activ'ity in the presence of

an increa.sed blood concentration of PBI'". This

indicates that the influence of the central nervous

system can preponderate over the effects of the 'feed-
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FIG. 7. Diagram of a mid-line

sagittal section through the hypo-

thalamus and pituitary gland.

Various hypothalamic nuclei

(D.M.N, dorsomedial nucleus;

M.N., mammillary nuclei; P..N.,

posterior nucleus; PV.N., para-

ventricular nucleus; SO.N.,

supraoptic nucleus; VM..N., ven-

tromedial nucleus) are indicated

in black. The stippled areas indicate

the sites where electrical stimula-

tion or lesions have resulted in

changes of pituitary secretion.

[From Harris (157)-]

OXYTOCIC H. (?)

ANTIDIURETIC H.

CONAOOTROPHIC H.

6C.T.H.

hack" mechanism. The hypothalamic site efiective in

producing an increased thyroid activity on stimula-

tion is in the region of the supraopticohypophysial

tract. This agrees well with tlie region in which lesions

are followed by a diminution in thyroid activity.

These results seem to bear a relation to factors which

seem of importance in the etiology of Graves' disease

[see discussions by Levin & Daughaday (209) and

Harris & Woods (165)]. The fact that too prolonged

stimulation of the hypothalamus in adrenalectomized

rabbits, in which thyroid activation occurs, may re-

sult in death of the animal is possibly related to the

fact that cortisone administration forms an effective

therapy in humans with thyrotoxic crises.

HYPOTH.•\L.^MIC LOC.iiLIZ.ATION OF PITUl'IARY FUNC-

TION. It is likely that the control of the secretion of the

different pituitary hormones is represented by neural

mechanisms localized in different regions of the hypo-

thalamus, and that the areas concerned with different

hormones could be plotted on a map in a similar way

to the representation of the regions of the body in the

motor and sensory areas of the cerebral cortex. In the

latter case, however, the position is much simplified

in that a two-dimensional surface is involved and that

the afferent and efferent fibers all approach this sur-

face from one direction. In the case of the three-

dimensional hypothalamus, it would seem unlikely, if

the above conjecture is in any way true, that future

work will result in a simple picture of hypothalamic

localization since a multitude of reflex fibers, both

excitatorv and inhiiiitory in nature, must pass through

the hypothalamus with an e\entual convergence in

the region of the 'final common path'—the tuber

cinereum and pituitary stalk. Howe\er, from the

meager information available at present, the position

may be summarized as in figure 7.

TARGET GLAND .'\CTIVITY AND EXTRAHYPOTH ALAMIC

REGIONS OF CENTRAL NERVOUS SYSTEM. Emotional

Stress is a potent factor in disturbing the normal pat-

tern of endocrine activity. The classic work of Cannon

and his colleagues relating adrenal medullary activity

with emotional excitement, of X'erney and iiis co-

workers in relating similar mental states with dis-

charge of posterior pituitary antidiuretic hormone,

and of later workers who found increased secretion of

adrenocorticotrophic hormone and decreased release

of thyrotrophic and gonadotrophic hormones under

these conditions may all be quoted in support of the

above statement. The term emotional stress is clearly a

very general term and it is likely that certain types of

emotional upsets may be more specifically related to

certain endocrine disturbances than are others (for

example the fear of pregnancy in connection with the

sudden onset of amenorrhea in the human female).

However in the present context there can be little

doubt that parts of the central nerxous system, remote

from the hypothalamus, may markedly modif\- endo-

crine activity. The effect of conditioned stimuli in

eliciting or inhibiting hormonal release, such as the

well-known discharge of oxytocic hormone that may

follow preparation for milking or suckling, may also

be mentioned. It is felt that further information
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might be obtained in the human by a careful and

well-controlled study of the potentiality of hypnotic

suggestion to modify endocrine activity, such as a

study of the concentration of protein-bound iodine

in the blood following the suggestion of a cold external

environment.

At the present time data relating different cerebral

cortical areas, rhinencephalic structures or other

regions of the nervous system to anterior pituitary

function are scanty. The general implication in many

reports [see the excellent review by Kliiver (202)] is

that the hypothalamus and hypophysis form a basic

unit underlying endocrine activit)' but that other

areas of the central nervous system may exert a regu-

lating influence through projections to the hypothala-

mus. The term 'basic unit" is used since there is some

evidence that animals in which the hypothalamus has

been entirely separated from the rest of the central

nervous system may show signs of hypothalamo-

neurohypophysial function (i.e. normal water balance,

no polyuria) and of hypothalamoadenohypophysial

function (i.e. development of estrus) (15), although

such signs of function may be absent after hypotha-

lamic lesions or section of the pituitary stalk. Observa-

tion of the effects of lesions in distant parts of the

central nervous system on endocrine function were

made by Kliiver & Bartelmez (203) on a monkey

subjected to bilateral removal of both prefrontal

lobes and temporal lobes. This animal developed,

among other signs, polydipsia, bulimia with progres-

sive adiposity, hyperplasia of the rete o\arii and an

extensive endometriosis, results which the authors

felt might be attributed to degeneration of fibers to

the hypothalamus. Lesions in the region of the amyg-

daloid nuclei are now well known to result in abnor-

mal sexual behavior, but such a result may be due to

factors other than endocrine dysfunction. A more

direct relationship between the amygdaloid nuclei and

endocrine activity is that reported by Woods (362)

who found that lesions in the amygdaloid nuclei of

wild rats results in atrophic changes in the adrenal

glands. Richter (281) has noticed that similar lesions

in the wild rat tend to restore regular activity cycles

which are, in all probability, related to the estrous

cycles of these animals. Porter (271) has also drawn

attention to a possible relationship between the hippo-

campal region and the secretion of ACTH. He reports

that electrical stimulation of the hippocampal area,

in particular the uncus, in monkeys inhibited the

eosinopenia which normally follows administration

of epinephrine or operative trauma. In further experi-

ments the same worker found that electrical stimula-

tion of the orbital surface of the frontal lobe resulted

in a marked eosinopenia. Such observations as those

just mentioned may safely be taken as the starting

point in a wide and new field of research. At the

moment the significance of such results is difficult to

interpret. In several cases the endocrine effects may
be secondary to changes in the 'emotional state' of the

animal, rather than due to a direct effect of the region

under investigation on the hypothalamus. However,

one may be sure that experimental data in this field

will be rapidly forthcoming in the future.

ENDOCRINE ACTIVITY AND DEVELOPMENT OF NERVOUS

SYSTEM. It has been suggested that, in a general way,

the pituitary stalk may be looked upon as the ana-

tomical and functional link between the endocrine

system and the external environment. In this case the

cjuestion may be asked at what stage in the develop-

ment of the organism does the stalk become function-

ally active, taking into consideration the fact that

exposure to a varying environment occurs only after

birth. Detailed discussions of this topic are available

('55' I96)-

The gonads, thyroid and adrenal corte.x appear to

be functionally active and secreting hormones before

birth. There is also evidence that the activity of the

fetal adrenal cortex is to some extent dependent on

the secretion of ACTH by the fetal pituitary For

example, removal of the pituitary (i.e. decapitation)

of the rat or rabbit fetus results in adrenocortical

atrophy (195, 348), although decapitation combined

with the injection of ACTH in the rat fetus increases

the size of the gland above the controls (348). There

is also evidence that a feed-back mechanism exists in

the fetal pituitary-adrenal cortex system, as in the

adult, since Kitchell & Wells (199) found that corti-

sone prevents compensatory hypertrophy of the

adrenal in the fetus. However, the well-known effect

of stress in discharging ACTH from the anterior

pituitary gland of the adult does not obtain in the

newborn. Jailer (191) found in rats that injection of

epinephrine does not excite pituitary discharge of

ACTH till the 8th day of life and that exposure to cold

was ineffective till the i6th day. Somewhat similar

results were obtained by Thompson & Blount (327)

in newborn mice. Now since the adrenal cortex of the

newborn animal is able to respond to injection of

ACTH (37, 192, 283, 327), and since Rinfret & Hane

(2B3) have shown the anterior pituitary of 4- to

7-day-old rats contains appreciable amounts of

ACTH, the possibility is raised that the lack of sensi-

tivity of the pituitary-adrenal axis of the newborn
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animal is due to lack of development of some neural

(possibly a hypothalamic) mechanism. As an inter-

esting speculation the pituitary-adrenocortical func-

tion of the newborn animal may be compared with

that of the adult animal with a cut pituitary stalk.

The data regarding the onset of activity of the

gonads are similar to that gi\cn for the adrenal cortex.

A certain endocrine activity of the ovary and testis is

established before birth. Also it is clear that the gonads

are capable of responding to gonadotrophic hormone

before puberty occurs, and that the anterior pituitary

contains and is capable of liberating gonadotrophic

hormone before puberty. The evidence indicates that

the central nervous system plays an important part in

triggering and maintaining the activity of the system

at and after puberty. The question has been more

fully discussed (156) and more direct data brought

forward in support of this view since it has been

found that hypothalamic lesions may result in ad-

vancement in the date of puberty in the rabbit (119)

and rat (84).

Conclusions Regarding Central Control 0/ Aihnohvpophysis

There can be little doubt that changes in the exter-

nal environment, acting through the central nervous

system, can exert a major regulating influence upon

endocrine function. This widespread influence is

brought about, in the main, through the intermedia-

tion of the hypothalamus and hypopliysis. In discus-

sion of the anatomical pathway from the hypothala-

mus to the hypophysis, attention has been drawn to

the absence or scarcitv of nerve fibers passing from

the former to the latter structure. The only constant

anatomical link between the diencephalon and

anterior pituitary gland lies in the neural pathways of

the hypothalamus to the median eminence of the

tuber cinereum and the vascular path, the hypophy-

sial portal vessels, passing from the median eminence

to the pars distalis. There is strong evidence that this

neurovascular path forms the route by which the

hypothalamus influences anterior pituitary activity.

How this control is mediated is unknown. The most

likely view, based on general data regarding humoral

transmission of nerve impulses and current views on

the mode of formation of posterior pituitary hormones,

is that a humoral substance or substances are liberated

by nerve endings into the primary plexus of the portal

vessels and transmitted by these vessels to effect

changes in activity in anterior pituitary cells. Indirect

evidence in support of this view is availaiile but

direct evidence, according to various criteria laid

down for the study of this problem, is lacking.

In order to estimate the degree of dependence of

the endocrine system on the central nervous system, it

is necessary to know the intrinsic autonomous activity

of the anterior pituitary gland and its target organs

when separated from the central nervous system (by

pituitary stalk section or pituitary transplantation).

Much data are available on this point. It seems that

the endocrine activity of the gonads almost entirely

ceases, although thyroid and adrenocortical activity

continues at a reduced level under these conditions.

Thyroid function is still modified by an increase in

the blood concentration of thyroid hormone (indi-

cating that such a change exerts an eff"ect directly on

anterior pituitary cells), and the activity of the thyroid

and adrenal cortex seems to be still influenced by

'systemic' stresses (in Fortier's sense of stresses involv-

ing tissue trauma or metabolic disturbance).

The feed-back mechanism, by which the blood con-

centration of target organ hormones affects the lib-

eration of anterior pituitary hormones, appears to

perform a stabilizing function by which the pitui-

tary-target organ system maintains endocrine activity

at a constant le\el under conditions of a constant en-

vironment. Although data are accumulating, it can-

not yet be stated clearly what part the hypothalamus

plays in this feed-back mechanism.

The responsibilities of the central nervous system,

with regard to endocrine activity, may be discussed

under three main headings. First, it must initiate in the

newborn animal or in the prepul^ertal animal the

adult pattern of endocrine function and maintain this

level of function. The gonads are the target organs

most wholly dependent on some neural stimulus to

the adenohypophysis. Not only the onset of gonadal

activity at puberty and the maintenance of this activ-

ity in the adult above the prepubertal level, but the

different patterns of gonadotrophin secretion seen in

the male and female animal appear dependent on the

nervous system. The secretion of TSH and ACTH at

a normal level is also dependent on the nervous sys-

tem, although apparently not to the same degree as is

secretion of cronadotrophic hormone. Recent data

indicate that the hypothalamus may mediate both

excitatory and iniiibitory influence over the secretion

of anterior pituitary hormones. Second, the nervous

system is responsil)le for mediating the effects of

stimuli arising from a changing external environment.

Changes in the external environment which arc sutii-

cientlv intense to result in tissue trauma or metabolic

disturbances are possibly capable of affectins? anterior



CENTRAL CONTROL OF PITUITARY SECRETION 1029

pituitary secretion throu?;h the general systemic circu-

lation, but the majority of environmental stimuli

(arising from such factors as changing conditions of

light, temperature, sound, presence or absence of a

mate and so on) exert their effects through the nervous

system. And third, it appears likely that the hypo-

thalamus acts as an integrating mechanism whereh\'

the effects of afferent nerxous impulses derived from

sensory stimuli, changes in the emotional or psycho-

logical state and perhaps from changes in the concen-

tration of target-organ hormones in the blood are

correlated and coordinated and the resultant 'stimu-

lus' to the adenohvpophysis transmitted down the

'final common path' of the pituitary stalk. The

hypothalamus seems to be in a key position for inte-

grating not only patterns of endocrine acti\'ity but

also patterns of emotional behavior, and it is possible

that these two functions are closely linked (cf. the

effect of estrogens on patterns of sexual behavior and

discharge of gonadotrophic hormone, or the effect of

emotional exciteinent on the discharge of anterior

pituitary hormones and adrenal medullary hormones)

at this forebrain level.

NEUROHYPOPHYSIS

Recent and major advances in the field of central

control of the neurohypophysis come from work on

neurosecretory mechanisms, and from studies on

blood osmotic pressure in relation to posterior pitui-

tary activity and on nervous reflex release of oxytocic

hormone in relationship to lactation. The question of

neurosecretion is dealt with in Chapter XL by Ort-

mann in this Handbook and will not receive direct

attention here. The remainder of this chapter will be

dex'oted to an account of the anatomy of the hypo-

thalamoneurohypophysial system and of the changes

in the internal and external environment which

reflexly modify the rate of secretion of posterior

pituitary hormone or hormones by acting through

this system.

Anatomy of Hvpol/ialamoneiirohvJ'o/i/n'iifil System

According to the terminology of Rioch et al. (284),

which is accepted as the standard nomenclature for

the hypopliNsis and its various subdivisions, the

neurohypophysis consists of three parts : the infun-

dibular process (lobus nervosus or neural lobe), the

infundibular stem and the median eminence of the

tuber cinereum. There are manv grounds for believ-

ing that the neural lobe, the infundibular stem and

the expanded upper end of the stalk or median emi-

nence are composed of tissue of a uniform type and

different from that of the hypothalamus proper.

Evidence for vital staining (361), vascular supply

(126, 358, 360), embryology (330) and cytology (120,

346) may be cited in support of this view. There is

present then a 'gland' which, from the viewpoint of

the naked eye, consists of the neural lobe in the sella

turcica, the neural tissue of the pituitary stalk and the

expanded upper end of the stalk (median eminence).

All this tissue is innervated by the supraopticohypo-

physial tract, originating in the para\entricular and

supraoptic nuclei in the hypothalamus. According to

the neurosecretory theorv, the hormones of the pos-

terior pituitary gland are formed in these two nuclear

groups, transported down the axons of the tract and

stored, or liberated into the blood as required, in the

three parts of the neurohypophysis. There can be no

doubt that the rate of hormonal liberation is con-

trolled by ner\e impulses in the supraopticohypo-

physial tract, the fibers of which then may possess the

dual function of a transport system and a secretomotor

innerx'ation. If the above views are correct, the ques-

tion may be asked as to why signs of glandular

deficiency occur (diabetes insipidus, failure of the

milk-ejection reflex, as described below) when the

supraopticohypophysial tract is sectioned between the

levels of the nuclei or origin of the tract and the

neurohypophysis (^4 in fig. 8). It might be argued

that if the hormones are formed in the cells of the

paraventricular and supraoptic nuclei, liberation

could occur directly from these cells into the surround-

ing capillaries, especially since these two nuclei are

ainong the most highly vascularized in the brain.

Two possible reasons suggest themselves. First, section

of the supraopticohypophysial tract is followed by

retrograde degeneration and loss of many cells in the

supraoptic and paraventricular nuclei (see 156; 275,

p. 193). Possibly too few secreting cells are left to

pre\'ent hormonal deficiency. And second, the blood

vessels of the hypothalamus proper may be imperme-

able to the polypeptide (or larger) molecules com-

prising the hormones. The permeability of the hypo-

physial vessels seems to be very different from that

of the hypothalainus (361) and it is possible that,

even if sufficient hormone is formed in hypothalamic

neurones, it would be unable to pass into the blood

stream unless transport to the neurohypophysis is

possible.

The anatomy of the nerve supply to the neuro-

hypophysis was first described by Ramon ) Cajal
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FIG. 8. To illustrate the main innervation of the neurohy-

pophysis, derived from the supraoptic and paraventricular

nuclei of the hypothalamus. The neurohypophysis (.\.H.) con-

sists of the median eminence {M.E.), the infundibular stem

il.S.) and the infundibular process (I. P.). Section of the supra-

opticohypophysial tract at B leaves a part of the gland still

innervated and may not result in signs of deficiency, whereas

section of the tract at A causes atrophy and loss of function of

the whole gland.

(272). A detailed description and a comprehensive

list of early references (up to 1938) dealing with this

subject may be found in the monograph of Fisher

et al. (100). The hypothalamohypophysial tract, which

includes all nerve fibers running from the hypothala-

mus into the neurohypophysis, may be subdivided

into the important supraopticohypophysial tract run-

ning in the anterior or ventral wall of the stalk, and a

tract about which very little is known, the tubero-

hypophysial tract, running in the posterior or dorsal

wall of the stalk. The supraopticohypophysial tract

can be seen in good microscopic preparations to take

origin from the cells of the paraventricular and supra-

optic nuclei, and to collect in a definite bundle of

fibers [about 10,000 fibers in the rat, 60,000 in the

dog and 100,000 in man, according to Rasmussen

(275)] in the median eminence, most of wliich pass

through the infundibular stem to the neural lobe. The

histological termination of these fibers, in all three

parts of the neurohypophysis, is obscure although it

appears significant that perivascular endings have

l)een described as common, especially in certain

forms (where they are easy to visualize) such as the

opossum (34, 125).

Section of the supraopticohypophysial tract in the

region of the infundibular stem {B in fig. 8) has been

shown (100, 215) to result in atrophy and hyper-

cellularity of the neural lobe and a loss of nerve fibers

and of pressor, antidiuretic and oxytocic substances

in the denervated gland. The upper end of the stalk

and median eminence, howev'er, show an increase in

volume (24, 27, 50, 323) and an increase in Gomori

stainable material (27, 323). Further an increase in

extractable antidiuretic (213, 293) and oxytocic

substances (245) in the hypothalamus has been re-

ported. The.se data show that any part of the neuro-

hypophysis separated from its nerve supply undergoes

atrophy and loss of function. If the upper end of the

stalk or median eminence is left innervated, some

process of reorganization, and return of function, may
occur. However, there is little evidence of any residual

neurohypophysial activity if the supraopticohypoph-

ysial tract is interrupted above the level of the

median eminence {A in fig. 8).

Nervous Refliw Mudificatums of .\etuohypoph\sial Activity

In the following discussion the phrase 'neurohy-

pophysial activity' will be taken to mean the rate of

release of hormones from the neurohypophysis into

the blood stream. The hypothalamus may be said to

be related to neurohypophysial activity in the follow-

ing ways.

.7) The activity of the gland seems entirely de-

pendent on its connections with the hypothalamus.

h) Changes in the 'milieu interieur,' especially

changes in the osmotic pressure of the blood, may
affect the activity of the gland profoundly through

the intermediation of the hypothalamus.

f) Changes in the external environment, particu-

larly those giving rise to stimulation of the repro-

ductive organs (nipples and external genitalia) and

those calculated to give rise to emotional excitement,

also affect the activity of the gland through nervous

reflexes acting \ia the hypothalamus.

REFLEX CONTROL OF .-ANTIDIURETIC HORMONE (."KDh)

SECRETION. The relationship between hypothalamic

lesions and diabetes insipidus was first clarified by

the studies of Fisher et al. (100). These workers used

the Horsley-Clark sterotaxic apparatus to make small

localized electrolytic lesions in the hypothalamus of

the cat and found that bilateral lesions in the course

of the supraopticohypophysial tract, but in no other

hvpothalamic sites, resulted in a condition similar to

that of clinical diabetes insipidus. They described the

typical phases of onset of the diabetes and gave a de-

tailed description of the histological findings in the

hypothalamus and pituitary gland of their animals.
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These results were confirmed in the monkey, Ijoth bs'

placing electrolytic lesions, and later by Magoun et

al. (215) by pituitary stalk section. The important

contribution of this group was the demonstration

that the hypothalamus-neurohypophysis functions as

a unit and that it is the supraopticohypophysial tract

which is the important connecting link between the

two structures. It is on the basis of these studies that

the concept that neurohypophysial activity is com-

pletely dependent on its innervation may be con-

sidered established.

The obvious experimental corollary to the work of

Ranson and his group—that electrical stimulation of

the supraopticohypophysial tract elicits increased re-

lease of ADH—has been most clearly established by

using unanesthetized animals (149). With the remote

control method of stiixiulation it has been possible to

demonstrate that a release of ADH, with a resultant

inhibition of water diuresis, follows electrical stimula-

tion of the supraopticohypophysial tract in the hypo-

thalamus, median eminence, infundibular stem or

infundibular process. The duration of the antidiuretic

response could be correlated with the intensity of the

stimulus, and the responses in any one animal to a

given stimulus remained remarkably constant over

periods of weeks or months. The fact that the supra-

opticohypophysial tract may be stimulated elec-

trically, with typical 'secretomotor' responses, makes

it seem very likely that these fibers conduct nerve

impulses and regulate neurohypophysial activity as

does the secretomotor innervation of other glands.

The idea that neurohypophysial activity is affected

by the composition of the blood, especially by changes

in the osmotic pressure of the blood, was put forward

by Klisiecki et al. (200, 201 ) to explain the mechanism

of a water diuresis. They suggested that ingestion and

absorption of water results in a decreased osmotic

pressure of the blood and consequent inhibition of the

secretion of antidiuretic hormone with a resultant

diuresis which begins after the hormone already in

the blood stream has been removed or inactivated.

The effect of increasing the osmotic pressure of carotid

blood on neurohypophysial activity has been investi-

gated in detail by Verney and the results reviewed

(338, 339). \'erney found that an injection of isotonic

solution of sodium chloride into the carotid artery, or

of hypertonic solutions (up to 20 cc of 0.343 ^ NaCl

in 20 sec.) intravenously did not inhibit a water

diuresis. However, injection of similar hypertonic so-

lutions into the carotid artery resulted in marked

inhibition in the course of a water diuresis, a response

that very closely simulated that following intravenous

injection of posterior pituitary extract. The pituitary

origin of the response was established b\- the observa-

tion that surgical removal of the neural lobe of the

pituitary reduced the response to about 10 per cent

of that obtained previously. More prolonged infusions

of sodium solution were then studied to obtain infor-

mation regarding the smaller and longer-lasting

changes in osmotic pressure of the blood likely to occur

in the normal animal. In this connection results of

experiments involving 10- and 40-min. infusions of

hypertonic saline showed that a rise of only i per cent

in the osmotic pressure of aortic blood would probably

reduce a water diuresis to only 10 per cent of the max-

imum rate of urine output, a response which would

correspond to a release of about i ;uu per sec. of an-

tidiuretic substance. The site of the osmoreceptor

mechanism is not clearly established. There are data

indicating that it is located in the territory of supply

of the internal carotid artery and that it lies in the

diencephalon but not in the neurohypophysis (194).

The most probable site is the supraoptic nuclei, a

site suggested by the extremely vascular nature of

these cell groups and by the specialized intracellular

vesicles found there (193).

Emotional stress seems a potent factor in eliciting

secretion of ADH. Rydin & Verney (289) investi-

gated the mechanism whereby forced running in dogs

evoked an antidiuretic response. They found that if

animals were repeatedly exercised the inhibitory re-

sponse on urine flow progressively diminished to final

extinction, and for this and other reasons suggested

that it was not the exercise per se, but the emotional

accompaniment, that was the effective stimulus. From
experiments involving kidney and adrenal denerva-

tion it was concluded that the renal response to

emotional stress is due to some agent humorally con-

ducted to the kidney, and that the agent was not

epinephrine but possiljly antidiuretic hormone. This

view was put beyond doubt b)' the findings of O'Con-

nor & Verney (251) and O'Connor (250) that removal

of the posterior lobe of the pituitary or section of the

supraopticohypophysial tract greatly reduced the

antidiuretic response to emotional stimuli. It seems

that stimuli which are calculated to give rise to

emotional excitement activate nervous pathways to

the supraoptic nuclei which in turn evoke the release

of ADH from the neurohypophysis. The anatomy of

any afferent pathways to the supraoptic nuclei is

unknown. The studies of Pickford and others, how-

ever, indicate that at least some of these fibers are

cholinergic in nature (87, 98. 261-263).
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REFLEX ACTIVATION OF OXYTOCIC HORMONE SECRE-

TION. The effects of oxytocic secretion may be ob-

served on the iactating breast and on the uterus.

Such secretion appears to be evoked by direct stimu-

lation of the reproductive organs (nipple, external

genitalia or uterine cervix) and also by conditioned

reflexes. It has been established that nervous reflex

release of oxytocic hormone plays a necessary role in

milk ejection from the Iactating breast, and it appears

probable that a similar mechanism underlies the

processes of parturition and of sperm transport up

the female reproductive tract.

Oxytocic hormone and milk-ejection reflex. It has long

been known that the transfer of milk from the Iactat-

ing Ijreast to the suckling young involves an active

expulsion of milk from the mammary gland. Gaines

(114) showed many years ago that suckling pups

cannot obtain milk from an anesthetized bitch.

Petersen and his co-workers (8g, 258, 259) first

brought forward evidence that secretion of oxytocic

hormone forms an essential part of the physiological

mechanism underlying milk ejection. They found that

cutting the motor nerves to one half of the udder of

the cow had no effect on the amount of milk obtained

from that half of the udder, and that milk ejection

could be stimulated in the isolated perfu.sed udder by

addition of oxytocin to the perfusing blood or by the

addition of blood withdrawn from the jugular vein of

a cow recently subjected to a milking stimulus. A few

years after these observations Richardson (279) dem-

onstrated clearly the myoepithelial cells which form

basketlike networks around individual alveoli and

around the ducts of the breast and which in all

probability represent the contractile tissue of the

organ.

More direct evidence for the involvement of the

supraopticohypophysial tract and the neurohypophy-

sis in the mechanism of milk ejection came from the

independent researches of Cross & Harris (63) on

rabbits and Andersson (7, 8) on sheep and goats.

Cross & Harris found that electrical stimulation of

the supraopticohypophysial tract in the hypothala-

mus, infundibular stem or infundibular process in the

Iactating rabbit evoked ejection of milk from a can-

nulated teat duct. The time course of this response

had the character of one humorally mediated and

could be duplicated very closely by intravenous in-

jection of posterior pituitary extract. In further ex-

periments it was found that electrolytic lesions placed

in the supraopticohypophysial tract markedly reduced

the amount of milk obtained by a suckling litter, un-

less posterior pituitary extract was injected into the

doe immediately before suckling. Andersson observed

a flow of milk from the teats of unanesthetized sheep

and goats following stimulation of the supraoptic

nuclei by the Hess technique. Denervation of the

udder or of the whole sacral region of the goat did

not affect the result, although a similar response was

obtained following the injection of blood of another

stimulated animal. These results have since been

extended by Cross (60, 62) who has investigated in

more detail the effects of hypothalamic stimulation,

by Cross & van Dyke (64) who found purified oxytocic

hormone to be aijout si.x times as effective in eliciting

milk ejection as purified antidiuretic hormone, by

Harris & Jacobsohn (161) who studied lactation after

pituitary transplantation in rats, and by Benson &
Cowie {24) who investigated the milk-ejection reflex

after removal of the infundibular process. Very little

is known regarding the reflex nervous pathways to

the supraoptic (and paraventricular) nuclei which

underlie the milk-ejection refle.x. There can be no

doubt that conditioned reflexes play a large part in

exciting the reflex in the normal animal, i)ut the

sensory path from the nipples to the hypothalamus

might profitably be investigated in the anesthetized

animal.

Oxytocic hormone and parturition. The essential nature

of the hypothalamoneurohypophy.sial system for nor-

mal parturition has not yet been demonstrated. It

has been observed (79, loi) that the majority of cats

and guinea pigs in which hypothalamic lesions have

induced a state of diabetes insipidus are either unable

to deliver their young or deliver them after a pro-

longed and diflicult labor. However, a few animals

[slightly less than one third (79)] do appear to un-

dergo normal parturition in the presence of a dener-

vated neurohypophysis. The potentiality of the neuro-

hypophysis to evoke strong uterine contractions has

been made clear by studies in which the supraoptico-

hvpophysial tract has been stimulated electrically.

Haterius & Ferguson (170) and Ferguson (99)

found that electrical stimulation of the pituitary stalk

of post partum rabbits resulted in an increased fre-

quency, and sometimes increased amplitude, of uter-

ine contractions. Harris (149) studied the uterine

response of estrous or estrogenized rabbits to remote-

control stimulation of different areas in the hypothala-

mus or pituitary. Stimulation of the region of the

supraopticohypophysial tract, but not other areas,

was found to result in a well-marked uterine response

which had the characters of one humorally mediated

and which could be closely duplicated l)y injection of
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posterior pituitary extract (in doses of up to 200 to

500 mu of the oxytocic fraction).

The clearest evidence that the neurohypophysis is

normally concerned in labor comes from the experi-

ments of Ferguson (99). In a study on rabbits 8 to

48 hr. after parturition, he found that dilatation of

the body or cervix of the uterus or vagina stimulates a

nervous reflex release of oxytocic horiTione and an

increase in the contractions of the body of the uterus.

This response was abolished by section of the spinal

cord or by hypophy.sectomy. On this and other evi-

dence Ferguson suggests that the mechanism of

parturition involves reflex stimulation of oxytocic

secretion, probably in amounts varying with the part

of the reproductive canal undergoing dilatation.

That oxytocin is secreted during parturition is indi-

cated by the observation (142) of a woman still

lactating from a previous pregnancy who came into

labor. The mammary expulsion of milk was observed

to coincide with the labor pains and was duplicated

by the injection of pituitrin at the end of the second

stage of labor.

In summary, it is very probable that reflex excita-

tion of the neurohypophysis is involved in normal

parturition, but it is possible that other factors, such

as the motor innervation of the uterus and contrac-

tions of the abdominal wall, may compensate for loss

of the gland in some cases.

Oxytocic hormune and sperm transport. There is good

e\'idence that in many animals, including the rat,

guinea pig, dog, rabbit, sheep and cow, sperm

(whether alive or dead) reach the upper end of the

uterus within a few minutes from insemination, that

is with a speed that cannot be accounted for in terms

of sperm motility. Ever since the observations of

Heape (172) in 1898, it has been suspected that

increased uterine contractions after coitus might

facilitate the transport of seminal fluid and the fact

that mechanical stimulation of the vulva was found to

result in such increased motility of the uterus (172,

204) supported this view. Following the observation

that electrical stimulation of the supraopticohypoph-

ysial tract resulted in a marked uterine response in

the estrous rabbit it was suggested (149) that coitus

may excite a nervous reflex release of oxytocin with a

resultant increase in motility of the uterus. Millar

(243) measured the intrauterine pressure in the mare

during mating and found that a considerable negative

pressure developed and that up to 80 ml of fluid

might thereby be sucked into the uterus. Van Demark
and his colleagues have studied the problem in cows

and found an increa.sed uterine motility following

mechanical stimulation of the vulva and cervix (334),

an increase in uterine tone and contractions when the

bull is brought into sight of the cow and a further

increase during mating (335), and an increase in

intramammary pressure (perhaps a more certain

indication of oxytocin release than increased uterine

motility) after manipulation of the vulva and cervix

uteri (171). In this latter connection it is of interest

that coitus excites milk ejection in lactating women
(49, 163, 264).

At the moment the data are suggestive that nervous

reflex release of oxytocic hormone plays a role in

sperm transport. However, from the fact that concep-

tion may occur in the presence of diabetes insipidus it

would appear that the neurohypophysis plays only a

supporting, rather than an essential, role in this

respect, a conclusion similar to that regarding its

function during parturition.

Adrenal Medullary Hormones and Nervous

Reflex Activation of Neurohypophysis

It is well known that the hxpothalamus is inti-

mately concerned not only with the release of posterior

pituitary hormone or hormones but with the release

of the hormones of the adrenal medulla. In recent

years it was found by O'Connor & Verney (252) that

an increased blood concentration of epinephrine may
block the nervous reflex release of antidiuretic hor-

mone. Somewhat similar results were obtained by

Cross (60, 61) who studied the reflex discharge of

oxytocic hormone from the neurohypophysis. Cross

found that administration of exogenous epinephrine,

or an increase in the blood concentration of adrenal

medullary hormones produced by stimulation of the

more lateral region of the hypothalamus, might block

a refle.xlv e.xcited release of oxytocic hormone and

might also block the effect of injected oxytocic hor-

mone in producing milk ejection. The fact that emo-

tional stress (forcible restraint) frequently resulted in

inhibition of the inilk-ejection reflex to suckling but

did not affect the response to injection of oxytocic

hormone led to the conclusion (61 ),
".

. . the main

factor in emotional disturbance of the milk-ejection

reflex is a partial or complete inhibition of oxytocic

release from the posterior pituitary gland."

These studies demonstrate again the close relation-

ship that appears to exist between different emotional

states and endocrine activity, and indicate a further in-

tegrative function of the hvpothalamus in this respect.

Further advances in knowledge of the central
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nervous control of the pituitary gland appear largely

attendant on development of techniques, and es-

pecially of those associated with the collection of

pituitary venous blood in the conscious animal and

with the assay of this blood for posterior and anterior

pituitary hormonal activities.
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HISTORICAL INTRODUCTION AND NOMENCLATURE

THE FINDING of 'glaod-likc' cells in the spinal cord of

sharks by Dahlgren (75) and Speidel (305) consti-

tuted the first observations on secretory activity in

nerve cells. The investigators Collin, Scharrer,

Hanstrdm, Roussy and Mosinger are associated

with a period of research during which a large num-

' English version prepared by K. M. Knigge, Department of

Anatomy, University of California, Los Angeles, from the

original German. The manuscript was completed February 5,

1956.

ber of significant observations on the hypothalamus

and neurosecretion were accuinlated. To Ernst

Scharrer belongs the credit for having positively

demonstrated the secretory activity of special groups

of neurons. In collaboration with Berta Scharrer, he

led the research on neurosecretion to most fruitful

results. The work at this time, however, was some-

what restricted by the poor and nonspecific stain

techniques available. The introduction of the chrom-

heinatoxylin stain technique of Gomori represented a

key advance and permitted Bargmann (29) to lay the

true foundations for this field of investigation. Be-

cause the work on neurosecretion is at most 50 years

old, it is not surprising that its terms are not yet

strictly formulated and are not being uniformly used

by the workers involved. Scharrer's original 'hypo-

thalamus gland' and 'neurocrine organs' (279, 280)

have only historical significance today.

The term neurocrinie (72) indicates the reception of

secretory material by nervous tissue. Therefore, it is

impossible to use it synonymously with neurosecre-

tion. Barry (39) has employed the term neurocrinie to

imply the concept of delivery of neurosecretory ma-
terial to nervous tissue, using for the region of transi-

tion the term synapse neurosecretoire.

The term neuricrinie (268) has been used especially

by the workers of the French school as synonymous

with neurosecretion. Recently Barry (39) has pro-

po-sed to include in this term not only neurosecretion

but also the secretory activity of neuroglial structures,

such as the subfornical and subcommissural organs,

tlie supraoptic crest and possible pineal cells, and the

production of neurohorinones (208).

Basic to the concept of 'neurosecretion' is the pres-

ence of true neurons with axons and dendrites, Nissl

substance and neurofibrillae. These cells also exhibit

morphologically demonstrable evidence of secretory

039
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activity. Knowles (183) defines neurosecretory fibers

as those which end bhndly, which have special

synapses and which do not excite other neurons or

innervate organs in the common sense of the term. It

is clear that this definition may already be too re-

stricted in the light of present investigations (40, 194,

•253). It has not been determined with certainty

whether neurons active in the transport of neuro-

secretory material are able also to stimulate other

nerve cells. The presence of neurofibrillae in such

cells is questioned seriously, largely liecause of techni-

cal difliculties in their demonstration (130). How-

ever, it is a fact that in vertebrates as well as in in-

vertebrates these neurons are capable of transmitting

electrical impulses (49, 245). The term encephalo-

hydrocrime has been coined by Roussy & Mosinger

(267) to indicate the delivery of neurosecretory ma-

terial into the ventricles, a concept of some possible

significance which has received little attention out-

side of the French school of workers

NEUROSECRETORY CELLS AS SPECIALIZED NEURONS

Secretorv activity of neurons represents a further

specialization of these cells. Like other neurons, cells

active in neurosecretion exhibit all the usual morpho-

logical evidence of intensive protein synthesis

(Caspersson, Hyden) such as enlargement of nucleoli,

enlargement and excentric position of nuclei, evidence

of nuclear secretion, reconstruction of plasma ribo-

nucleic acids, accumulation of phosphata.se enzymes

and alteration in amount and distribution of Nissl

material as in the axon reaction (56). The streaming of

cytoplasm from the region of the perikaryon to the

periphery of the nerve cell (335) indicates not only a

continuous protein synthesis, but also reflects the

movement of material along the axon, as has been

observed in living nerve fibers (126, 167). This phe-

nomenon has been demonstrated also with the aid of

radioactive materials in both in vivo and in vitro nerve

preparations (66). The observation that living nerve

fibers can incorporate and move fluid droplets (126)

should be an indication that the finding of vacuoles

in ganglion cells is not necessarily an indication of

neurosecretion (326). The ontogenetic maturation of

the neurosecretory system (263) lends itself easily to

correlation with similar development and change in

the enzyme systems of nervous tissue observed by

earlier investigators (334). Finally, there are signs of

a phylogenetic specialization of neurosecretory ele-

ments (152, 236, 264).

NEUROSECRETION IN VERTEBRATES

Hypolhalamic-Pituilary System Demonstrable

with Chromhematoxvlin

The most thoroughly investigated field in neuro-

secretion is that part of the hypothalamic-pituitary

system demonstrable througli staining with chrom-

hematoxylin or paraldehyde fuchsin.

MORPHOLOGY. In lower forms, the nuclei concerned

in this part of the hypothalamic-pituitary system be-

long to the preoptic nucleus which difTerentiates into

two parts and in reptiles, birds and mammals becomes

the supraoptic and paraventricular nuclei. The
special position of these nuclei (fig. lA, B) is indicated

in the case of the preoptic nucleus by the relationship

of its dorsorostral part to the third \entricle and its

caudovcntral part to the ventral surface of the brain.

Similarly, in higher forms the paraventricular nu-

cleus lies close to the third \entricle and the supraoptic

nucleus can be seen on the ventral surface.

In mammals the neurons constituting these groups

may occasionally be disseminated in the form of

accessory nuclei (136, 192, 237). Characteristic cells

of these nuclear groups may be found distributed also

along the pathway of their axons as far as the posterior

lobe (29, 144, 196). The axons of cells in the para-

ventricular nucleus may associate closely with those

of the supraoptic nucleus or pursue a separate path-

way to the posterior lobe (192). In the dog, the total

number of neurons is approximately 90,000. The
processes of these neurons end in large measure in the

posterior lobe (neiirosecretorische Balm) (29, 241). They

constitute accordingly the supraopticohypophyseal

tract of Greving (137, 138) which, with some species

variation, contains both myelinated and nonmye-

linated fibers. In lower forms, dendrites of these cells

may reach the ventricular wall (152, 214, 236, 266,

317). In all vertebrates, axons of such fibers end par-

tially in the hypothalamus, in the i^egion of the median

eminence and in the pituitary stalk as well as in the

ependyma of the infundibular part of the ventricle

(fig. iB). In earlier work, the common characteristics

used to identify these nuclei were the limitation of

the Nissl material to the periphery of the cell (variable

according to species), the very rich capillary bed and

the presence of colloid in the neuron cell body and

processes. Currently, greater emphasis is placed upon

the cytoplasmic granules and droplets made \'isible

by a number of stain techniques (131) but which are

demonstrated to ha\c special characteristics by the
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FIG. I. A. Schematic diagram of the preoptic-hypophyseal tract in Anura. [From Hild (164).]

B. Schematic diagram of the neurosecretory elements of the hypothalamic-pituitary system in mam-

mals (dog and cat), including the supraoptic {i.o.)-paraventricular ip.i'.) tract to the intermediate

and posterior lobe and the tuberoinfundibular tract {l.l.i.). Of particular interest is the relationship

of these fibers to the roots of the portal vessels in the median eminence. Chromhematoxylin-stained

fibers from the anterior hypothalamus are situated in the more ventral part of the stalk (central zone,

^^) and come into relationship with the 'special vessels' (232). Axons of the tuberoinfundibular

tract, not stained with chromhematoxylin, are collected near the peripheral zone (P^) and pass

nearer the base of the special vessels. The enlargement {insert) indicates these relationships: p.t.,

nucleus principalis tuberis; inf., nucleus periventricularis infundibularis; /)./;., area periventricularis

posterior; ch., optic chiasma; t.s.li., supraopticohypophyseal tract; m., mammallary body; p., portal

vessels; a.h.s., branches of the superior hypophyseal artery. [Modified from Engelhardt (100) and

Bargmann (29).]
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FIG. 2. Vcntrocaudal part of the supraoptic nucleus of the

dog, showing neuron cell bodies and processes with varying

amounts of neurosecretory material. Two large vesiculated

neurons (vesicles of Verney) contain a large amount of neuro-

secretory material and normal nuclear structures. Chrom-

hematoxylin-phloxin stain. X 250.

FIG. 3. Neuron from the supraoptic nucleus of the dog,

showing clearly the peripheral distribution of the neurosecre-

tory material in the axon. Chromhematoxylin-phloxin. X 625.

FIG. 4. Herring body in the central portion of the posterior

lobe with lobular accumulations of neurosecretory material

around the periphery and a clear central area. Chromhematoxy-

lin-phloxin. X 490.

FIG. 5. A large Herring body (90 iji) from the median emi-

nence of Caltilhnx (Hapalr) pemcillala showing a clear central

area. Chromhematoxylin-phloxin. [From Hanstrom (151).]

FIG. 6. Neurosecretory libers of the dog, originating in the

para\'entricu!ar nucleus ^aboir), reach the supraoptic nucleus
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four following methods: a) chromhematoxyliii-phloxin

stain according to Gomori (127) introduced first by

Bargmann (29) for the demonstration of neurosecre-

tory material, the counterstaining with azophloxin

here being of no importance (fig. 2); b) the paralde-

hyde-fuchsin stain according to Halmi (145), stand-

ardized and considerably improved by Gabe (109,

fig. 10); c) a series of histochemical methods for the

demonstration of sulfhydryl groups (4, 3, 35); and d)

the technique of phosphomolybdic acid-congo red

staining after formalin fixation (300).

A definite oxidation step is an essential prerequisite

for the success of the staining methods a to c (292),

while the congo red method is intensified through a

reduction in thioglycolic acid. Furthermore, the

staining is dependent upon the interval of time be-

tween death and fixation of the tissue (171) as well as

the use of definite fixing solutions (Bouin, Helly and

Susa fixatives are recommended while alcoholic

solutions are contraindicated). With all four methods

there is demonstrated a granular intracellular secre-

tory material which corresponds in amount and posi-

tion to material observed in unfi.xed preparations

examined with phase microscopy and darkfield (245,

288). Within the cell body the neurosecretory ma-

terial is centrally located in the region about the

nucleus (164, 242, 245, 317), while in the axon and its

terminations it is always situated superficialh'. The

perikaryon as well as the axon can exhibit irregular

bulbous enlargements on their surfaces, while axons

always show a thread-like central portion containing

much neuroplasmatic substance free of secretory ma-

terial (fig. 3). In any area of a nuclear group, in-

dividual cells may exhibit wide variations in content

of neurosecretory material (fig. 2). Occasionally, in

the perikaryon as well as along the axon there may
occur cytoplasmic swellings. Herring bodies, which ex-

hibit a granular outer zone and a granule-free inner

area (fig. 4). They are demonstrated (151) with

special clarity in Callilhrix [Hapale) (fig. 5). Where the

fibers are less densely packed with neurosecretory ma-

terial, they are often observed as distinct beaded

threads (fig. 6). The amount of secretory material

observed varies according to species and to the region

of the system under investigation as well as its func-

tional status. The posterior lobe (figs. 7, 11) always

exhibits the greatest amount of neurosecretory ma-
terial (24, 29, 84, 237). The demonstration and tracing

of the neurosecretory pathways may be especially

difficult in those forms (rodents) exhibiting little

neurosecretory material proximal to the region of the

tuber cinereum.

The similar intracellular localization of the Nissl

material and the neurosecretory material, and the

general inverse relationship which exists with respect

to the relative content of these two substances (29,

164, 191), has led to the belief that the origin of the

neurosecretory material is closely associated with the

Nissl substance (286). Observations with phase con-

trast microscopy and embryological work do not

support a strict correlation between the Ni.ssl sub-

stance and the neurosecretory material (245, 340,

341)-

Differential centrifugation of beef pituitary homo-

genates has permitted accumulation of the neuro-

secretory material in a fraction with granules which

range in size from 1 50 to i .5 m (292 ), with the particles

having a tendency to aggregate in larger complexes.

Electroninicroscopic observ'ations of the neurosecre-

tory material in the posterior lobe in reptiles, birds

and mammals indicate that it consists of aggregates of

granules which exhibit a surprising homogeneity

with respect to size (too to 300 n) and density (34, 88,

89, 244). The range in size of these particles is ap-

proximately the same as that exhibited by mito-

chondria. The granules of the neurosecretory material

do not stain with Janus green (292). The fraction of

neurosecretory material obtained by centrifugation,

however, does exhibit distinct reactions for succinic

dehydrogenase, an enzyme considered to be associated

almost entirely with the mitochondria. This biochem-

ical determination correlates well with the histo-

chemical demonstration of a rich content of succinic

dehydrogenase in the posterior lobe of the white

mouse (Ortmann, unpublished observations; fig. 7).

To what extent the positive reactions oijtained in both

of these experiments are dependent upon the content

of sulfhydryl groups in neurosecretory material and

their reaction with formazan remains to be examined.

Electronmicroscopy (34, 88, 89) as well as phase

and join its fibers in the tract to the pituitary. The streamlined

appearance of the Herring bodies in the left fiber corresponds to

the direction of flow of material. Fibers containing all degrees

of neurosecretory material are present. Chromhematoxylin-

phloxin. X 195.

FIG. 7. Pituitary gland of the white mouse stained for the

demonstration of succinic dehydrogenase. The enzyme activity

is localized in the posterior lobe. Technique according to

Ortmann (239). X 13.

FIG. 8. Neurons from the supraoptic nucleus of the pigeon

with large cytoplasmic colloid inclusions. Chromhematoxy-

linphloxin. X 1150. [From Bargmann & Jacob (33).]
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microscopy (245) permit a distinct differentiation be-

tween neurosecretory granules and mitochondria on

the basis of density and structure. No final conclusion

with respect to functional significance can be drawn

from the close spatial relationship between mito-

chondria and neurosecretory material. Other electron-

microscopic observations (134) indicate that in the

region of the median eminence axons contain neuro-

secretory particles which are smaller than those found

in the posterior lobe and may represent maturation

stages.

In many species, colloid droplets exhibiting aci-

dophilic staining properties (32, 37, 38, 289) as well

as an affinity for chromhematoxylin (33, 214) are

found in the cytoplasm and axons in addition to the

characteristic neurosecretory material (fig. 8). It is

noteworthy that although the colloid and granular

neurosecretory material may be stained with chrom-

hematoxylin, they exhibit significantly different

histochemical reactions (294). Vacuoles are present

also in the cytoplasm of neuro.secretory cells, but their

presence is so variable (164) that they may not rep-

resent a vital or functionally significant organelle

(131, 243). In spite of this great varialjility, however,

the presence of vacuoles in neurosecretory cells in both

vertebrates and invertebrates is so widespread that it

would seem their presence bears some relationship to

tlie function of these cells. Further investigation must

establish the significance of these vacuoles as well as

the large nonstaining vesicles observed in neuro-

secretory cells of the dog and wolf (29, 153, 332). The

latter may attain such size as to displace almost com-

pletely the nucleus (fig. 2) without seriously inter-

fering with the secretory performance of the cell (i 72)

or producing signs of cell degeneration. Verney (332)

interprets these large vesicles as osmoreceptors, but

their isolated occurrence in only a few species argues

against this interpretation. Furthermore, experimental

evidence (85, 172, 177) indicates that this is a re-

versible phenomenon dependent upon the functional

status of the cell. The appearance and structure of the

chondriome and Golgi apparatus in neurosecretory

cells are similar to those observed in true glandular

tissue (223, 309).

The functional status of neurosecretory cells is

clearly reflected by changes in nuclear size (96, loi,

173, 237) as well as changes in the nucleoli (167, 188,

237), measurements used extensively as indices of

cell activity (188, 224). In neurosecretory cells of

fishes, villus-like processes as well as deep incisions of

the nuclear membrane have been described (fig. 9)

similar to those observed in the nuclei of glandular

cells (238, 240, 281, 317). The delivery of small

segments of the nucleus to the cytoplasm has been

observed also in neurosecretory cells (163, 204, 238,

2B1, 296, 297), a fact suggesting a regular participa-

tion of the nucleus in the secretory activity of the

cell. The significance of this is further emphasized by

the fact that portions of these nuclear segments con-

tain a granular or colloid-like material (fig. 10) which

displays several of the staining reactions exhibited by

neurosecretory material (30, 164, 199, 238, 310). The
occasional presence of degenerating neurosecretory

cells has been verified (61, 143, 144, 150, 151, 166,

301), but the hypothesis of a physiological degenera-

tion of the cells as a necessary preliminary to synthesis

of the neurosecretorv material finds acceptance with

only a small number of in\'estigators (71, 142, 232,

303. 314)-

The a.xons of neurosecretory cells do not all end

in the posterior lol:>e but terminate also in the pituitary

stalk as well as in the median eminence. In fish and

FIG. g. Neurons from the posteroventral portion of the pre-

optic nucleus of Cyprinus carpio. Akhough the cells appear to be

multinucleate, it can be shown that the several lobules are

continuous. Iron-hematoxylin. X 840. [From Ortmann (238).]

FIG. 10. Neuron from the preoptic nucleus ol Cyprinus carpio,

showing a large nuclear inclusion. The cytoplasmic neuro-

secretory material and the granular part of the nuclear inclu-

sion are stained with paraldehyde-fuchsin while the nucleolus

is unstained. Paraldehyde-fuchsin. X 875.

FIG. 1 1 . Section of the pituitary of the cat, with the posterior

lobe darkly stained with paraldehyde-fuchsin while the inter-

mediate and anterior lobes are almost colorless. The darkly-

staining objects centrally located in the posterior lobe are

Herring bodies. Note the accumulation of neurosecretory

material around the blood \'essels.

FIG. 12. Diagrammatic section of the posterior lobe of the

opossum. The lobe is subdivided into numerous compartments

by connective tissue septa along which the nerve terminations

and blood vessels are in intimate contact. Nerve fibers of the

hypophyseal tract (F), pituicyte cell bodies and three Herring

bodies (HB) are shown in the hilum of the lobule {lower right).

Surrounding this, the palisade zone iP) is seen to be formed by

nerve fiber terminations coated with a rod-like formation of

neurosecretory substance. Interspersed are pituicyte fibers

(PIT) which extend to the vascular-collagenous septal layer

(S). An axon (.4.V) about to form endings coated with neuro-

secretory substance is also visible. [From Bodian (55).]

FIG. 13. Capillaries in the neural lobe of the giraflfe with

numerous colloid droplets stained bright red with azan. [From

Hanstrom (149).]

FIG. 14. Rat pituitary, showing a normal content of neuro-

secretory material in the posterior lobe (lefl) and its depletion

after 14 days of water deprivation (right). Note the changes in

size and structure in the depleted organ. Chromhematoxylin.

X 50.
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amphibia, as well as in mammals, an unbranched

neuron may pass directly to the ependyma of the

third ventricle in the area of its nucleus of origin or

as far as the ventricular surface of the infundibulum

and deliver neurosecretory material into the ventricu-

lar fluid (29, 39, 73, 163, 164, 214, 231, 243, 282).

This phenomenon has been characterized as hy-

drencephalocrinie and may take the form of a holo-

crine secretion. This release of neurosecretory material

into the third ventricle parallels the secretory activity

in the rest of the system (164, 198), although no known
significance can be attached to this phenomenon at

present. Knowledge of the further fate of this material

has been obtained by the demonstration of the neuro-

secretory material and antidiuretic substances in the

plexus of the third ventricle (329). The typical ter-

mination in the wall of the infundibulum and in the

posterior lobe is the Herring body with its inner and

outer zones as described above (figs. 4, 5). The identi-

fication of these Herring bodies as degenerating cells

or as cytoplasmic fragments with degenerating nuclei

(141, 143, 144) is refuted by most investigators (32,

61, 134, 149, 151, 172, 243, 265). The question of

whether neurosecretory material is deposited and is

present in the interstitial space of the posterior lobe

(that is outside the nerve fibers and their terminations)

cannot be answered with certainty (fig. 1 1) (164). The
problem cannot be resolved with light microscopy,

while electronmicroscopic observations indicate that

the neurosecretory material is restricted to the nerve

terminations (34, 89, 244) or that it is present outside

of them also (135, 139). The relationship of the pos-

terior lobe pituicytes to the neurosecretory material

has to date not been clearly defined by either light

or electronmicroscopy nor by transplantation experi-

ments. Notable amounts of neurosecretory material

do not appear to be present in the pituicytes (89, 203).

In the case of experimentally altered neurosecretory

activity, the pituicytes do exhibit changes such as

mitotic activity, changes in cell size, appearance of

vacuoles, etc., which may indicate some functional

relationship to this activity but which as yet do not

define any specific role (165, 189, 237). A model of

our conception of the nerve terminations of neuro-

secretory fibers is seen in the posterior lobe of the

opossum where these structures are arranged in

palisades closely associated with the capillaries in

the connective tissuesepta (55)( fig. 12). Green & van

Breemen (134) hold that other tissue elements par-

ticipate in the formation of these palisades. Bargmann

(32) has confirmed the observation of Bodian that

each nerve termination is surrounded bv an accumu-

lation of neurosecretory material. This palisade

structure and the associated neurosecretory material

is seen with some variation in other species also (32).

The direct transfer of neurosecretory material into

the capillaries of the posterior lobe (fig. 13) has been

described in several species (21, 148, 149, 285) and

is observed readily, under experimental conditions,

evoking a strong release of neurosecretory material

(197). Electronmicroscopic studies in normal dogs

could not establish the fact that neurosecretory ma-
terial may penetrate the boundary between the nerve

terminations and the perivascular spaces of the cap-

illaries of the posterior lobe. The absence of a blood-

brain barrier in the 'contact zones' (Spatz) of the

posterior lobe, its stalk and the median eminence

permits an unimpeded exchange of vital dyes and

enzyme-reactive substances between blood and

nervous system (239). The ease with which materials

may be transferred from the blood vessels into the

tissues in these areas makes it easier to accept the

possibility of a transfer of substances (neurosecretory

material) in the reverse direction (244). Of some im-

portance is the consideration that neurosecretory

material does not appear to be released from the

nerve cell bodies into the capillary beds of the hypo-

thalamic nuclei. Besides the fact that neurosecretory

material has seldom been observed in the endothelium

of the capillary bed (63), most of the experimental

evidence speaks against the possibility of a depletion

of the neurosecretory material in the region of the

hypothalamic nuclei (165, 224, 237). In this connec-

tion there still remain unexplained the numerous

observations that nerve fibers filled with neurosecre-

tory material are present in the intermediate lobe

(30, 32. 78, 98, 150. '5'. 164, 233, 339) as well as in

the anterior lobe (76, 233).

Increasing numbers of observations indicate that

neurosecretory fibers of the hypothalamus may termi-

nate in other areas of the central nervous system (8,

40, 81, 125, 164, 283). In the bat, five such areas

have been described, including the amygdala, septal

region and mesencephalon. In the mouse, termina-

tion have been observed in the wall of the lateral

ventricles (39, 40), with similar findings being de-

scribed in fish, amphibia, reptiles and birds (193,

194). No explanation is available for the function of

these instances of 'neurocrinie de substances neuro-

secretoires" (39). In animals treated with sugar an

increased staining of these pathways was shown (194).

Seasonal variations in the appearance of the supra-

opticohypophyseal system is particularly clear in the

true hibcrnators (23, 24, 320), with storage of the
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neurosecretory material in winter months and deple-

tion in the summer. Earlier arousal of these species

from the hibernating state leads to a more rapid

depletion of the neurosecretory material (24). Species

which do not remain in constant hibernation exhibit

no variations with respect to the supraopticohypophy-

seal tract (22). Experimental hypothermia in dogs

leads to no apparent changes in the neurosecretory

material. In the chicken, much \'ariation in the

amount of neurosecretory inaterial was observed at

the time of ovulation as well as during nesting, w'ith

a particularly interesting differential response of the

paraventricular and supraoptic nuclei (195).

ONTOGENY. The embryological maturation of neurons

of the hypothalamoneurohypophy.seal system is com-

pleted relatively late and partly only after birth (263).

Although there is considerable species variation with

respect to the initial appearance of neurosecretory

material, it is generally observed first in the posterior

lobe or simultaneously in the posterior lobe and in

the hypothalamic nuclei and appears along the fiber

tracts only at a much later tiine. In the chicken, it

appears simultaneously in the supraoptic nucleus

and the posterior lobe on the 14th day of incubation,

with the paraventricular nucleus exhibiting material

several days later (139, 340, 341). Another report

(226) suggests a considerably earlier appearance of

the neurosecretory material in the chicken. In the

European Water Snake, neurosecretory material is

demonstrated first in the posterior lobe 3 days before

hatching, but not until 14 days after hatching in the

supraoptic nucleus (164). A similar situation is ob-

served in Tinea (163). Mammals exhibit little neuro-

secretory material at birth (29, 42, 79, 84, 134, 263,

284).

HISTOCHEMISTRY. Treatment of unfixed tissues with

alcoholic solutions or fat solvents for i 2 hours depletes

completely the stainable neurosecretory material with-

out removing the biologically acti\e posterior lobe

hormones (171). Extraction by these methods removes

also those materials which give positive reactions for

sulfhydryl groups (35). The solubility properties of

the material extractable from the subcommissural

organ appear to be fundamentally different (36, 340).

After evaporation of the solvents, the granular nature

of the extracted neurosecretory material is maintained

(293) as well as its usual staining characteristics

(164). From these observations, it would appear un-

likely that the neurosecretor>- material can identify

or represent the hormone content of these tissues.

Sloper (300), howe\er, has criticized the extraction

methods used in those experiments which are claimed

to demonstrate the differential solubilitv of neuro-

secretory material and the posterior lobe hormones.

His observations indicate that lipids do not form an

essential component of the neurosecretory material

but that they probably play a role in binding the

neurosecretory material to other tissue constituents.

The relationship between the posterior lobe hormones

and neurosecretory material awaits further elucida-

tion. It was the subject of discussion by Acher (i) at

a recent symposium.

Using the McManus periodic acid stain, Sudan

black. Baker's acid hematin test, as well as the Millon

protein reagent, Schiebler (293) came to believe the

neurosecretory material to be a glycolipoid-protein

complex. Sloper (300) feels that the carbohydrate-fat

component is not an essential part of the neurosecre-

tory material. The intensity of the McManus reaction

is relatively weak in comparison to that exhibited by

the colloid of the anterior and intermediate lobes

and the basophils of the anterior and posterior lobe

(25, 222). Ribonucleic acids do not constitute a

significant component of the protein portion of the

neurosecretory material in \iew of the fact that no

changes are observed after treatment with ribo-

nuclease (237, 293J. Trypsin on the other hand

destroys the neurosecretory material within 3 hours

(300). Periodic acid cannot be substituted for potas-

sium permanganate in the oxidation step of the

chromhematoxylin staining method (293). It is be-

lieved that the presence of reactiv-e aldehyde and

sulfhydryl groups makes possible the key steps in the

chromhematoxylin and aldehyde-fuchsin staining pro-

cedures (i 17).

In almost all cases the staining methods for sulfhy-

dryl groups yield results parallel to those obtained

with the usual staining procedures (35). After dehy-

dration, for example, reactions for sulfhydryl groups

diminish, paralleling the depletion of the neurosecre-

tory material, while remaining unaffected in other

areas of the nervous system. Another reaction for

sulfh\dryl groups, alcean blue following oxidation

with performic acid (4, 5), is not destroyed after 24

hours of extraction of ti-ssues in hot chloroform-

methanol. The staining in this case depends upon the

oxidation of sulfhydryl groups to sulfonic acid groups,

and in view of the fact that oxytocin contains ig per

cent cystein, this reaction may be almost specific for

posterior lobe hormones. The sensitivity of neuro-

secretory material to tryptic digestion, together with

the fact that its staining properties are lost after
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FIG. 15. Correlation between content of neurosecretory ma-

terial and antidiuretic hormone in the posterior lobe following

water deprivation. In the upper figure is plotted the content of

neurosecretory material expressed as per cent of the mean con-

trol value set at 100 percent. [From Ortmann (237).] The lower

graph is plotted in the same manner, showing the content of

antidiuretic hormone. [From Hickey (162).]

treatment with homogenates of liver, spleen, lung,

kidney and striated muscle, also suggests this conclu-

sion (45, 103). Numerous elements in the hypotha-

lamic nuclei concerned with neuro.secretory activity ex-

hibit pronounced phosphatase activity (26, 102, 292).

EXPERIMENTAL STUDIES. Oil the basis of changes in the

histologically demonstrable neurosecretory activity,

several experimental procedures have contributed

importantly to an understanding of the functional

significance of this system. These have been: a) condi-

tions which lead to marked but usually reversible

depletion of the neurosecretory material and to

characteristic morphological changes in the consti-

tuent elements of this system (237); h) stalk section

experiments which yield information about the sites

of production and delivery of the neurosecretory

material (165); and c) the application of assay

methods for posterior lobe hormones under experi-

mental conditions which have demonstrated clearly

the relationship between these and the neurosecretory

system (168-172, 343, 344). The basic premises

derived from these several methods of investigation

have been confirmed repeatedly and may be con-

sidered as definite and basic facts. Specific details of

notable studies will be enlarged upon in the following

paragraphs.

Dehydration, thirst, overloading with .sodium chlo-

ride and heat have been proved to be the condition

for depletion of neurosecretory material (237). Similar

changes are produced by stress (264), adrenalectomy

(97), alloxan diabetes (189) and some drugs (55, 285).

Many workers have studied the.se conditions in widely

different species and by various methods (5, 16, 17,

26, 54, 82, 121, 134, 165, 172, 187, 188, 191, 199,

202, 234J.

The effects of depletion of neurosecretory material

appear first in the posterior lobe (figs. 14, 15), with the

finely granular neurosecretory material disappearing

first. In spite of extensive depletion of the neurosecre-

tory material, .some Herring bodies in the hypotha-

lamic nuclei as well as in the posterior lobe may remain

unaffected for a considerable period of time (237). The
length of time required to deplete the neurosecretory

material varies considerably according to the species

investigated and the methods employed. Thirst pro-

duces this effect in the rat in 12 to 14 days and in the

dog in 7 to 14 days, while stress may deplete the

neurosecretory material in the rat within 10 min.

(17, 35). Concoinitant with depletion of the neuro-

.secretory material there occur the following changes

in tlie neuron cell body : nuclear enlargement (96,

173, 211), eccentric displacement of the nucleus,

enlargement of nucleoli (figs. 16, 17), dissolution of

the Nissl material and eventual degeneration of the

cell (fig. 16C). Mitotic activity of posterior lobe

pituicytes is pronounced in the rat (237) and frog

(165), but only minimal in the dog (172). Up to the

point of cell degeneration, all of these changes are

reversible. It should be pointed out that each of the.se

cellular changes is similar to the axon reaction and

may represent an increased nervous activity as well as

secretory activity of the cell. The fact that these cellu-

lar changes are reversible indicates also tliat the

occasional presence of degenerating cells is not to be

taken as an essential index of the status of secretory

activity. The length of tiine required for the complete

reaccumulation of the neurosecretory material is

generally longer than that required to cause the pre-

ceding depletion. Chronic administration of saline

drinking water leads to an increased content of neuro-
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FIG. 16. Supraoptic nucleus of

the rat; A, normal; B, after 15

days of water deprivation, show-

ing increase in size of the nuclei

and nucleoli and peripheral dis-

position of the Nissl substance; C,

degenerating neuron seen after

two injections (3.6 per cent of

the body weight) of 5 per cent

sodium chloride. Chromhema-
toxylin-phloxin. X 470.

secretory material in all segments of this system, a

findins; interpreted as an adaptation with subsequent

liyperfunction.

Transection of the supraopticohypophyseal tract

has been carried out with many variations (46, 172,

179, 191, 215, 224, 290, 316, 317) and leads to an

accumulation of neurosecretory material proximal

to the cut (fig. iQA), while distal to the section (fig.

i8fi) only a depletion of the neurosecretory material

is observed (86, 165, 172, 215, 316, 317). After transec-

tion of the stalk, the neurosecretory material in the

posterior lobe is removed only slowly, even under

those conditions which normally evoke a rapid

depletion (165). Correspondingly, if the posterior lobe

is first depleted of neurosecretory material, it will

remain so after transection of the tract. In the usual

transection experiments, the region proximal to the

cut accumulates a content of neurosecretory mate-

rial which is far greater than ever observed under nor-

mal conditions. A similar situation of accumulation

of neurosecretory material has been observed in

man when obstructive tumors block the neurosecre-

tory pathways (227). Three to four weeks after hypo-

physectomy of the rat, the infundibular stump under-

goes changes which resemble a regeneration (fig. 19),

including a rich vascularization of the reorganized

glial material and subsequent accumulation of neu-

rosecretory material (122, 124, 179, 290, 316, 317).

This depot of neurosecretory material can be exper-

imentally depleted but only under intensive stim-

ulation such as simultaneous salt load and admin-

istration of desoxycorticosterone (46). These findings

may explain some of the consequences of hypophysec-

tomy observed experimentally as well as clinically.

The remission of diabetes insipidus following hy-

pophysectomy, for example, may be correlated with

Nudeolusdurchmesser im Nclpararentricularis

n' I i I
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FIG. 17. Graph of nucleolar size in neurons of the para-

ventricular nucleus of the rat following water deprivation.

[From Ortmann (237).]

the renewed secretion of antidiuretic hormone from

the infundibular stump (177). In the toad, a true

regeneration of fibers of the preoptic-hypophyseal

tract has been described (180).

The experiments of Hild & Zetler (168-172, 343,

344) indicate that the content of neurosecretory mate-

rial is closely correlated with the hormone content

in the posterior lobe (figs. 20, 21). These were con-

firmed by other workers (6, 26, 67, 82, 225, 285, 333).

In all species studied, tho.se areas of the nervous

system which contain posterior lobe hormones always

contain neurosecretory material al.so. The.se areas
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FIG. 18. Neurosecretory mate-

rial in the central (.4) and distal

(B) segments of the supraoptico-

hypophyseal tract of the dog after

dissection of the tract in vivo. In

the central segment (.'1), the fibers

appear to be of normal size (/),

numerous Herring bodies are

present {2) and a large amount

of neurosecretory material has ac-

cumulated (3). In the distal seg-

ment (fi), the fibers are swollen

and contain no neurosecretory

material i^). A blood clot (j),

colloid follicles of the intermedi-

ate lobe (6) and transition area

of the stalk into posterior lobe

(7) can be seen. Chromhema-
toxylin-phloxin. [From Hiid &
Zetler (172).]

include the supraoptic and paraventricular nuclei,

the fiber tracts of these nuclei into the tuber cinereum

and the infundibulum as well as in the posterior

lobe (figs. 20, 21; table i).

The contents of neurosecretory material and poste-

rior lobe hormones parallel each other closely during

ontogenetic development. Newborn mammals con-

tain very little neurosecretory material and a paucity

of antidiuretic hormone and exhiljit the so-called

physiological diabetes insipidus (29, 42, 79, 83, 156,

263). Posterior lobe hormones are demonstrable in the

chicken at 9 to 10 days of incubation, whereas the

neurosecretory material appears first at 15 to 14 days

(340), a discrepancy which may be due to greater

sensitivity in detecting the former sui:)stance.

There are marked differences in the amount of

both the hormones and the neurosecretory material

which are due to different species, various regions of

the neurosecretory system and indi\idual variability.

Nevertheless, the contents of the hormones and neuro-

secretory material always correlate closely (tal:)le 2).

In the dog and cat, the hormone and neurosecretory

material content of the hypothalamus is particularly

rich. Under a wide variety of experimental conditions,

the neurosecretor\- material and posterior lobe hor-

mones exhibit parallel changes in content (table 3).
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Stainable neurosecretory material as well as maximal
amounts of the oxytoxic and vasopressor hormones
may be obtained from the same granule fraction of

posterior lobe homogenates (132, 246, 292). The re-

FIG. 19. A, cross-section of the regenerated neural lobe of a

toad 6 mos. after hypophysectomy and autotransplantation of

the pars distalis; B, cross-section of a normal neural lobe (X).

Note the sinusoid vessels in the regenerated lobe. Gomori staining

method. X 65. [From Jorgensen c/a/. (179).]

ports of an increase in neurosecretor\- material in the

supraoptic and paraventricular nuclei after potas-

.sium cyanide poisoning (129) and hypoxia (259)
require confirmation.

Attempts to transplant or culture hypothalamic or

posterior lobe tissue have not been particularly suc-

cessful. Although cultured nerve fibers of the hypo-

thalamus (even from adult tissue) may exhibit re-

markable growth, direct evidence of secretory activity

could not be demonstrated by either staining methods
or by attempts to extract hormones (167). The ob-

served transport of particles along the axon cannot

be considered as specific evidence of secretory activity

in view of the fact that this phenomenon occurred in

both directions along the axon as well as the fact that

cultures from other regions of the nervous system

were observed to behave similarly (126). The efforts

to demonstrate hormone secretion in posterior loi)e

cultures (123, 134) are considerably handicapped by

the large amount of hormone already present in the

tissue at the time of explantation (167). With re-

peated subculturing of posterior lobe tissue, hormone
(as well as neurosecretory material) can no longer be

demonstrated (167). This, however, may be due to

lack of innervation to the pituicytes as well as to their

progressive dedifferentiation to protoplasmic astro-

cytes.

FUNCTIONAL RELATIONSHIPS. In spite of some objections

(87, 131, 144, 314), it seems clear that a close relation-

ship does exist between the neurosecretory material and
the so-called posterior lobe hormones which have been

well defined chemically (2). The suggestion to rename
the posterior lobe hormones as 'hypothalamus hor-
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FIG. 21 . Lejt. Arterial pressure record of a decapitated cat following injection of epinephrine, pos-

terior lobe extract ('Tonephin"), extracts of the dog paraventricular and supraoptic nuclei, and an

extract of nervous tissue not including these nuclei ('Kernumgebung'). Right. Record of the contrac-

tion of the isolated virgin guinea pig uterus. Extracts of nervous tissue not including supraoptic or

paraventricular nuclei were added to the Tyrode solution at A and B. At C, an extract of the dog

supraoptic nucleus corresponding to 0.196 mg of dry tissue was added. [From Hild & Zetler (168).]

T.\BLE I . .Mean A Inoliite Content of Posterior Lobe Hormones m Several Segments

of the Supraopticohypophyseal Tract of 10 Dogs
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neurosecretory material and in the posterior lobe

hormones suggests a far closer relationship than

simply that of a carrier substance, b) it is not clear

why the carrier substance is released into the blood

stream also, and c) it is not clear why the carrier

substance should be subsequently demonstrable as

posterior lobe hormone (340). These questions and

the histochemical results of Sloper become clearer on

the supposition of an identity between the neurosecre-

tory material and the posterior lobe hormones. See

also the more recent discussion by Acher (i).

There can no longer be any doubt that neurosecre-

tory material and the posterior lobe hormones are

produced by nerve cells in the hypothalamic nuclei

and that these substances are transported along the

axons in fiber tracts passing to the posterior lobe of the

pituitary. It is not clear why certain species do not

store neurosecretory material in the hypothalamic

nuclei and why specific segments of the neurosecretory

pathways are completely devoid of this material. This

latter ob.servation has led several investigators to

deny the axonal transport of neurosecretory material

(84, 304). This concept has also been challenged on

the basis that for simple physical reasons the axon

would be unable to move or press such material along

its length. The dynamic fluidity of cytoplasm as

demonstrated by photography of tissue culture prep-

arations contradicts such purely physical objections.

Estimation of the status of neurosecretory activity

cannot be made solely from a knowledge of the

amount of neurosecretory material present. Subnor-

mal amounts of neurosecretory material may represent

either a condition of lowered functional activity or

accelerated release of neurosecretory material asso-

ciated with hyperactivity. Hyperactivity is indicated

clearly when a decreased content of neurosecretory

material is associated with cytological evidence of

increased cellular activity.

Only meager information is currently available

with respect to the electrical activity in neurosecretory

fibers. Several considerations indicate that such fibers

should be capable of impulse conduction and possess

excitatory capacity. Injection of iiypertonic saline

into the carotid artery is followed, after a very short

latent period, by release of antidiuretic substance into

the blood stream (184, 332) with simultaneous in-

creased electrical activity in the supraoptic nucleus

(228). Furthermore, the release of iiormones from the

posterior lobe is dependent upon the continuity of

fibers in the stalk. The conductional capacits' of

neurosecretorv fibers has been demonstrated in verte-

TABLE 2. Content of Posterior Lobe Hormones in the Hypo-

thalamus Expressed as Per Cent of the Total Amount Pres-

ent in the Corresponding Pituitary Gland

Posterior Lobe Hormones

* From Hild & Zetler (170).

t From Adamsons et at. (6).

TABLE 3. Studies Correlating the Alteration in Neurose-

cretory Material and Posterior Lobe Hormones Under \'ar-

ious Experimental Conditions

Experimental
Condition
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237, 261). Complete elucidation of the normal rela-

tive content of the individual posterior lobe hormones

in the different segments of the system (6, 1 68-1 71,

235> 3'5> 333) 2s well as their alteration under experi-

mental conditions (3, 172) requires further coopera-

tive research between the morphologists, chemists

and pharmacologists. A conclusion with respect to any

indi\idual posterior lobe hormone based upon content

of neurosecretory material must be drawn with

considerable caution. Although the hormones appear

to be secreted together even if not always in the same

relative proportion, it is important to note that con-

clusions based upon alteration in the content of

neurosecretory material represent only the sum of

the components of the posterior lobe hormones.

In spite of one objection (87) it is evident that

parturition and lactation lead to changes in the

amount of neurosecretory material (21, 74, 212, 318).

No explanation is available for relations between

neurosecretory activity and reproductive behavior

(193. 195. 198, 199. 217. 307> 338)-

Reflex release of posterior lolje hormones leads to a

secretion of both oxytocin and antidiuretic hormone

(155, 230). Injections of hypertonic solutions into

the internal carotid lead to secretion of antidiuretic

hormone but also produce milk flow and increased

uterine motility through release of oxytocin. The

suckling stimulus produces an antidiuresis as well as

FIG. 22. Capillary loops from the portal \essels projecting

upward into the central (<^^) and peripheral (P^) zones of

the wall of the infundibulum. PG, portal vessels draining into

the anterior lobe, VL. Injection preparation from Engelhardt.

X 90. [From Engelhardt (100).]

milk ejection. Coitus leads to increased uterine

motility as well as simultaneous milk ejection and

antidiuresis. Electrical stimulation of the supraoptic

and paraventricular nuclei of the goat leads to

simultaneous release of antidiuretic hormone and

oxytocin (lo). Osmotic stimulation from the carotid

artery leads to increased electrical activity in the

supraoptic region (228). The observation of Pickford

(254) that acetylcholine injected into the carotid

artery leads to antidiuretic hormone secretion suggests

that stimulation of the cells of the supraoptic nucleus

occurs throughout chocinergic synapses. The role ol

neurosecretory pathways is further indicated h\ the

es'idence of thirst centers in the hypothalamus. By

microinjection of sodium chloride, by electrical stim-

ulation (in the goat) or by production of suitable

hypothalamic lesions in the dog (g-ii), specific

thirst centers can be demonstrated. The polydypsia

produced by these methods may be associated with

chanires in antidiuretic and oxytocic hormone or

with other nervous pathways leading to increased

diuresis (12). The relationship of the posterior lobe

and its hypothalamic connections to the condition

of diaf)etcs insipidus has been extensively investigated

(104, 105, 184, 263, 332). Chamorro and co-workers

(69, 70) succeeded in demonstrating the release of

antidiuretic iiormone and oxytocin after brief stimula-

tion with application of epinephrine solution to the

frontoparietal region of the cortex. Interestinsily,

hormone secretion was observed after this stimulus

even following hypophysectomy.

Recent evidence suggests that neurosecretory ac-

ti\it\ of the supraoptic and paraventricular nuclei

mav be concerned in the control of ACTH release

and, therefore, in the control of adrenal cortical

function. Administration of adrenal cortical hormones

as well as adrenalectomy leads to evidence of in-

creased neurosecretory activity (28, 97, 187). Thirst

and sodium chloride treatment, while producing

heightened neurosecretory activity, lead also to mor-

phological changes in the adrenal cortex (77, 97).

A humoral link between the hypothalamus and the

adenohypophysis tra\ersing the pituitary portal ves-

sels has iieen sought for some time. In the region of

the median eminence (figs. 22, 23), fibers of the

supraoptical hypophyseal tract assume an especially

close relationship to the primary plexus of the portal

vessels (29, 31, 35, 243, 284, 316). Stalk section as well

as appropriate lesions in this area has shown quite

clearly the significance of these portal vessels (46, 205,

206, 220). A transfer of stainable neurosecretory ma-

terial into the portal vessels has been observed histo-
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^'H-M'^
FIG. 23. Portal vessels iVP) in the wall of the infundibulum in close relationship to neurosecre-

tory fibers {.VS) of the supraopticohypophyseal tract of the dog. The pars distalis iPD) is shown be-

low. [From Scharrer (284).]

FIG. 24. Neurosecretory a-cells from the brain of Lumbrkus terreslris. Centrally the two cells appear

vacuolar while those at the lower right are full of neurosecretory material. Azan stain. [From Hubl

(176).]

logically (193, 264), while neurosecretory-like mate-

rial has been found in the cells of the pars tuberalis

(193, 197, 224). A basic requirement for such hypo-

thalamic control of adenohypophyseal function is that

the direction of blood flow in the portal vessels be

from the hypothalamus to the pituitary. This has

been shown by direct observations of the portal

vessels of various amphibia (133), the rat (135, 342)

and the dog (178, 327).

Several investigations (35, 264) have shown that

stressful conditions produced marked morphological

changes in the neurosecretory system. It has further

been shown that the release of ACTH is dependent

upon the integrity of the supraopticohypophyseal

tract as far as the median eminence, while the subse-

quent course of this pathway from the infundibulum

into the posterior lobe is not necessary for ACTH
secretion (209). Suomalainen (320) believes that the

seasonal variation in activity in the hypothalamic

pituitary system in the hedgehog is related partly to

varying ACTH need. Kovacs and co-workers (188),

however, feel that no relationship exists between

hypothalamic nuclei and ACTH control. ACTH

release is evoked only by high do.ses of posterior lobe

extracts (298). Posterior lobe hormones can release

ACTH from pituitary glands transplanted to the

anterior chamber of the eye (213). Pituitary portal

blood collected from the dog is capable of stimulating

increased ACTH secretion in the rat (256). Attempts

to isolate the active hypothalamic principle collected

in such portal blood suggest that it is a high molecular

weight protein similar but not identical to vasopressin

(257)-

Cultures of anterior lobe tissue which lose their

ACTH activity in several days can be stimulated to

renewed ACTH secretion by the addition of hypo-

thalamic extracts (140). The active hypothalamic

principle is not histamine, acetylcholine, epinephrine,

norepinephrine, 5-hydroxytryptamine, oxytocin or

vasopressor substance. An ACTH-stimulating factor

has been isolated from posterior lobe extracts and

shown by paper chromatographic inethods to be

distinctly different from vasopressin or oxytocin (269).

This ACTH-stimulating factor has peptide properdes

and occurs as a contaminent of vasopressin. These

observations explain the high doses of posterior lobe
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extracts required to produce ACITH release. The
activity of this partially purified substance can be

demonstrated both in vitro and in vivo. A synthetic

lysine-vasopressor substance has been reported to

produce increased adrenocortical hormone secretion

(210).

The morphological, chemical and experimental

results obtained from these different laboratories

agree to the extent that a specific substance is con-

cerned in stimulating ACTH release. Its close rela-

tionship with the posterior lobe hormones, their sites

of .synthesis and storage, make it seem likely that the

neurosecretory system plays a role in the formation

and deli\'ery of this hypothalamic substance.

Central Nervous System Neurosecretory Systems

not Demonstrated ivith Chrom/iemato.xylin

ANTERIOR HYPOTHALAMUS. In this area of the hypo-

thalamus exist a large number of cells which contain

granular and colloid inclusions not staining with

chromhematoxylin or paraldehyde fuchsin (37, 38).

The functional significance of this material is not

clear.

TUBER ciNEREUM. In many species of fish, specific

indication of neurosecretory activity is found in the

lateral tuberal nuclei (38, 240, 280, 282, 302, 308)

although with isolated exceptions (191, 302) the

secretory material in these cells is not stained with

chromhematoxylin (30, 128, 131, 163, 232, 307, 317).

In lower forms, an evident participation of the nuclei

in secretory activity as well as seasonal variations of

activity is particularly characteristic for the cells in

the.se tuberal nuclei (44, 105, 131, 163, 281, 282). In

man, cytoplasmic colloid and granular inclusions as

well as unusual nuclear shapes have been described

for the cells in the tuberal nuclei (128, 255, 345); how-

ever, no evidence of axonal transport of secretory

material is present. In mammals, axons from the

tuberal nuclei, especially the nucleus infundibularis

tuberis (arcuate nucleus), nucleus principalis (Cajal)

and the posterior periventricular tuberal region,

form the tuberohypophyseal tract, and in the region

of the median eminence assume a close relationship

to the primary plexus of the portal vessels. The termi-

nations of these fibers lie superficial to the area

traversed by the supraopticohypophyseal tract.

The question of whether these axons of the tuberal

nuclei release a neurosecretory substance into the

portal vessels cannot be answered with certainty at

this time (44, 346). A colloid material which does not

stain with chromhematoxylin has been observed in the

median eminence {149, 339) as well as within the

portal vessels. This may be an indication of a second

form of neurosecretion, released into the blood stream

in this area and traversing the portal vessels to the

anterior lobe of the pituitary (157). Through measure-

ment of nuclear volume as an index of cellular ac-

tivity, the periventricular, ventromedial and pre-

mammillary hypothalamic nuclei have been identified

as regions which undergo characteristic changes

paralleling the phases of the reproductive cycle of the

mouse (160, 161). It has been suggested that their

function may be similar to that of the anterior hypo-

thalamic areas (174). A notable array of experimental

and clinical evidence indicates that considerable hypo-

thalamic control exists over the gonadotropic activity

of the anterior lobe (20, 43, 44, 122); this is discussed

in the chapter in this work by Sawyer on reproductive

behavior.

SPINAL CORD. The discovery of gland-like cells in the

spinal cord of fish by Dahlgren (75) and Speidel

{305, 306) forms the first description of neurosecretion

but paradoxically has remained unexplained from a

functional standpoint. Speidel has described these

peculiar variations of the anterior horn cells only in

the caudal segments of the spinal cord in 26 out of 30

species of fish in the elasmobranchs, teleosts and

ganoids. The cells may be unusually large (200 x 200

x I 76 yu) and contain nuclei which are lobular or even

distorted in shape. The cytoplasm of these cells con-

tains a variable accumulation of proteinaceous gran-

ules or colloid droplets which are Millon-positive

(305) but which do not stain with chromhematoxylin

(289). Similar observations have been presented

recently for cells in the lumbosacral segments of the

cord of various species of birds (271, 321). See also

Sano (272).

Neurosecretion in Peripheral Nervous System

Lenette & Scharrer (201) have described cytoplas-

mic inclusions in autonomic ganglion cells of the

monkey and have interpreted these findings as evi-

dence of neurosecretory activity. Similar observations

were subsequently presented for the cells of a variety

of mammalian species including ganglion cells of the

sympathetic chain (95, 219, 291, 295), uterine cervix

(200, 311, 312) and adrenal medulla (94, 251, 252).

Vacuoles and colloid droplets may accumulate in

these cells to such a degree as to produce visible

swelling of the cell without producing any evidence

of nuclear or cytoplasmic damage or degeneration.
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FIG. 25. Neurosecretion-rich cells (m-ccUs) from the subesophageal ganglion of Lumhricus. The

cell processes are visible in some cases. Paraldehyde-fuchsin stain. [From Hubl (lySl.j

FIG. 26. Neurosecretory cells in the brain of Lumhricus after sectioning of the nerve cord. The

vacuolated appearance of the c-cells is believed to reflect heightened functional activity. Azan

staining. [From Hubl (176).]

Specific staining methods for demonstrating the .secre-

tory products of these cells are not available. The nu-

clei frequently exhibit evidence of participating in the

secretory activity of these neurons (296, 297). In the

pregnant rat, neurons of the uterine cervix ganglion

exhibit increased vacuolation (200). Similar changes

have been described following treatment with estro-

gens and chorionic gonadotrophins (31 1 ). Pilocarpine

accentuates while atropine restricts the secretory

activity of these cells (312). In spite of many such

studies, the functional significance of neurosecretory

activity in peripheral neurons is not clear. Likewise,

the attempts to ascribe neurosecretory activity to

certain neurons of the retina (41) must be considered

with some reservation.

NEUROSECRETION IN INVERTEBRATES

General Considerations

Although neurosecretory elements are demon-

strated easily in invertebrates with routine staining

methods (fig. 24), the application of chromhematoxy-

lin and paraldehyde fuchsin (fig. 25) has substantially

advanced our information in this domain. The use of

these methods has permitted differentiation of several

closely localized neurosecretory products. It is char-

acteristic of a large number of in\ertebrates that

neurosecretory axons terminate intercellularly in

glands which, in turn, are themselves secretory in

nature. In such complexes, the neuro.secretory ma-

terial is stained with chromhematoxvlin while the

FIG. 27. Neurosecretory fibers from the crossing nervus cor-

poris cardiaci of Leucophaea matlerae. Chromhematoxylin-

phloxin. X 392. [From Scharrer & Scharrer (289).]

.secretion of the glandular cells exhibits acidophilic

properties (14, 19, 108, 114, 116, 229). The neuro-

secretory material is finely granular and easily

differentiated from the mitochondria in fresh prepara-
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PARS INTERCEREBRALIS Of BRAIN

ACCUMULATION OF NEUROSECRETORY

MATERIAL PROXIMAL TO SITE Of

NERVE SECTION

NERVUS CORP CARDlACI WITH

UNOBSTRUCTED l»LOW OF

NEUROSECRETORY MATERIAL

STORAGE OF NEUROSECRETORY

MATERIAL IN CORP CARDlACUM

OF NORMAL Side

DEPLETION OF NEUROSECRETORY
MATERIAL IN CORP CARDlACUM

OF OPERATED SIDE

NORMAL CORP ALLATUM

LARGER CORP ALLATUM OF

OPERATED SIDE

FIG. 28. Diagram of the dorsal aspect of the intercerebraHs-cardiacum-allatum system of Leuco-

phaea maderae. On the left side the nervus corporis cardiaci is severed with the result that neurosecretory

material is increased proximal to and is depleted distal to the site of nerve section. On the operated

side the corpus cardiacum is decreased, the corpus allatum increased in size. [From Scharrer (278).]

tions on the basis of its refractive properties.

Neurosecretory cells frequently exhibit considerable

vacuolation in certain functional stages of activity

(fig. 26). Neurosecretory pathways are particularly

apparent in many forms (fig. 27), with their direction

of transport being readily demonstrated by transection

and even ligation of the tract, as shown in figure 28

(278, 322, 337). Bead-like accumulations of neuro-

secretory material have been observed along the

axons of living nerve fibers. As in the case of verte-

brates, the neurosecretory elements in invertebrates

possess conductional capacity [Mil burn, quoted by

Bliss (49)] the physiological significance of which is

unknown. B\- and large, the morphological as well as

physiological and biochemical (260) aspects of neuro-

secretion have been investigated more intensively in

the invertebrate kingdom. However, no single case

has received the attention paid to the supraoptico-

hypophysis system. Two basic principles of hypo-

thalamic-pituitary relationship have been well

established for invertebrates; a) the neurosecretory

material is carried over neuronal pathways to a depot

or reservoir from which it is released into the blood

stream or the peripheral tissues according to the

needs of the organism and b) the neurosecretory ma-

terial delivered to the glands of internal secretion
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influences and regulates the secretory activity of

tiiese organs.

Neurosecretory Activity in Various Classes of Invertebrates

VERMES. The annelids represent the first class of

invertebrates to exhibit significant patterns of neuro-

secretory acti\ity. Neurosecretory activity has not

been observed in the coelenterates and has not been

established with certainty in the flatworms. In the

free and sessile polychaete annelids, neurosecretory

elements exhibiting pcssible cyclic secretory activity

have been found in the cerebral ganglion and in the

ventral nerve cord (13, 274). Although there are no

notable sex differences, the neurosecretory phenome-

non in nereids does undergo changes correlated with

reproductive activity (93, 276). In Lumbricus, neuro-

secretory cells have been observed in the cerebral

and esophageal as well as in both anterior gastric

ganglia, with neurosecretory material being trans-

ported as far as the fourth gastric ganglion (60, 154,

158, 277). In Lumbricus also there appear to be func-

tional relationships between the neurosecretory ele-

ments and the reproductive apparatus (alpha cells)

as well as to regenerative phenomena (beta cells)

(175, 176). In the group of sipunculids, neurosecre-

tory elements are found in the brain of Fasculosoma

vulgare, extracts of which act to slow down the con-

tractions of the nephridia (185, 313). In five species

of Onychophora, neurosecretory activity has been

observed in the cerebral ganglion as well as in the

ventral nerve cord. In these forms, the secretory

activity may be cyclic, but there is no notable evidence

of transport of secretory material or participation of

the nucleus in the secretory activits' of the cell (113).

ECHiNODERM.M A. Neurosecretory acti\ity has not been

oijserved in this phylum of invertebrates.

MOLLUSCA. In 25 species of prosobranchs which have

been investigated, neurosecretory elements are ex-

ceedingly variable with the supraintestinal and pleural

ganglia exhibiting evidence of secretory activity most

frequently. In 35 species of opisthobranchs, evidence

of neurosecretory activity has been observed most

consistently in the cerebral ganglion. In both classes

of animals, the seasonal variation in neurosecretory

activity appears to be related to the maturation of

gonadocytes (107, iio, iii, 275, 277). A uniformity

has been found in the lamellibranchs where the

cerebral and \isceral ganglia have consistently ex-

hibited neurosecretory activity and the pedal ganglia

none (119). The secretory phenomena of the peduncu-

lar and epistellar glands of the cephalopods is not

considered authentic neurosecretion (i 19J.

.ARTHROPODS. The morphological aspects of neuro-

secretion have been most extensively investigated in

this phylum of invertebrates, and accordingly the

greatest insight into its functional role has been gained

here. Studies on the decapod crabs have shown the

neurosecretory cells to be present in the brain and

especially in Hanstrom's organ of the eye stalk, the

axons of which join in a common path and end in

the sinus gland. Historically these cells were the first

neurosecretory elements described in invertebrates

(146). In the sinus gland, the enlarged terminations

of these nerve fibers assume a relationship to a central

blood cavity (50-52, 64, 65, 147, 248). These neurons

contain granular inclusions which may coalesce to

form larger complexes which are visible in unstained

preparations and which can be stained specifically

with chromhematoxylin. Numerous mitochondria are

present in these cells and are readily differentiated

from the neurosecretory material (249). A minimum
of three different types of secretory neurons have been

distinguished. The sinus gland is considered as a

reservoir for the several kinds of neurosecretory ma-
terial delivered to it from these cells. Removal of the

entire eye stalk leads to increased respiration, a fall

in respiratory quotient and water intake. These

changes do not occur when the sinus gland alone is

removed leaving intact and functional those neuro-

secretory cells in the brain producing the eflfective

hormones. After transection of the tract from the

x-organ to the sinus gland, there occurs initially a

depletion of the neurosecretory material at the site

of the cut, followed later by a complete regeneration

of the sinus gland (47, 48, 52, 99, 247). Along with the

regeneration of the sinus gland, there is said to be a

complete restitution of its functional activity (52). At

least three chromatophoric hormones and other

substances exerting an influence on the pigments of the

eye are .said to be formed in the ganglia optica in

addition to those substances which regulate molting,

and calcium and water metabolism. Bliss (49) has

investigated the role of this system in growth and

regeneration as well as the influence thereon of light,

temperature and other conditions. The tritocerebral

commissure constitutes a second center containing

neurosecretory elements extracts of which influence

the chromatophoric hormones (182, 185). In certain

diplopods, members of the class Mvriapoda, specific

axons demonstrable with chromhematoxylin are pres-
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cm in the protocerchral resjion (ii6). Fibers from

these neurons pass to a gland the cells of which

contain an acidophilic secretory material. No neuro-

secretory elements are present in the Julidae (287).

Fibers from neurosecretory cells in tlie dorsal aspect

of the protocerebrum of chilopods terminate among

the cells of the 'glande cerebrale' and influence the

formation of an acidophilic secretory material (r2o).

INSECTS. VVeyer (336) was the first to demonstrate

morphological evidence of neurosecretion in insects

(bee), while Kopec (186) was the first to demonstrate

the hormonal nature of extracts of insect brains. A
very large number of species in the rich insect group

has been investigated at least in preliminary fashion

with respect to neurosecretion. Uniformly, neuro-

secretory elements are found in .several segments of

the protocerebrum, especially in the pars intercere-

bralis. The subesophageal ganglion is somewhat less

consistent in this respect. The axons of the pars

intercerebralis unite to form a neurosecretory pathway

leading to the paired corpora allata, the corpora

cardiaca and a series of glands named according to

the species inv^estigated, the pericardial gland, the

prothorax gland and the peritracheal gland. Although

the relationship between these glands and the neuro-

secretory elements of the brain is not completely

elucidated, they do appear to be influenced by neuro-

secretory control in the formation of hormones con-

cerned with the pupal stages. Cells of the glandular

corpora cardiaca filled with a rich acidophilic secre-

tion are surrounded by axons containing much neuro-

secretory material (18). Extracts of the corpora

cardiaca affect the musculature, water content (7),

malpighian vessels and activity of the heart (331,

337), as well as pigment activity (91, 92). Neurosecre-

tory control of the corpora allata appears to extend

to fat metabolism and egg production also. In the silk

moth, neurosecretory cells have been demonstrated

in various segments of the protocerebrum as well as

in the frontal and subesophageal ganglia. In this

species also, neurosecretory pathways from the pars

intercerebralis terminate in the corpora allata and

the corpora cardiaca with discrete secretory pliases

correlating with the formation of the pupal stages

(159). In the adult, egg laying appears to be depend-

ent upon neurosecretory activity. The neurosecretory

elements in the subesophageal organ do not appear

to exhibit any cyclic activity or secretory phases (15,

57-59, 112). The prothorax gland is believed to

be the site of formation of those hormones concerned

with the pupal stages (106, 337). In Phasmida, changes

in coloration ma\' be influenced by neurosecretory

pathways from the trito- and cleuterocerebrum.

Neurosecretory activity from the pars intercerebralis

appears firmly associated with growth and molting

and to a lesser extent with egg formation and egg lay-

ing (90-92). In the orders Diptera and Hymenoptera,

neurosecretory pathways are described from the pars

intercerebralis to the corpora cardiaca and corpora

allata (325). In C^alliphora, Thomsen has succeeded

in blocking the flow of neurosecretory material and

demonstrating its direction of flow from the pars

intercerebralis to the corpora cardiaca and allata (322,

323). Observation of living fibers from this tract indi-

cates that they contain a clear, characteristic bead-like

substance (324). E\idence of neurosecretory activity

has been demonstrated in the arachnoids (114, 115,

118), in the pycnogonida (270) and in the tunicates

(27, 62, 80, 250).

CONCLUSION

At the present time the information which would be

required to build up a general concept of the signifi-

cance of neurosecretory phenomena is still scanty.

Nevertheless, there can be no doubt that neurosecre-

tion plays an important part in the regulation of life

processes in both vertebrates and invertebrates. Two
facts have emerged as particularly striking: a) in the.se

two groups of animals neurosecretory processes are

concerned with similar functions, such as water and

mineral metabolism and reproduction; and b) neuro-

secretory substances are not species-specific, in fact

they are not even class-specific (318).

Neurosecretory processes must be in\ohed in vari-

ous biological processes as well as acting as mediators

between the nervous and endocrine .systems. Of
particular interest is the as yet poorly understood

relation between the capacity of certain neurons

both to conduct impulses and to carry on neurosecre-

tion. That they can make possible hormone transport

to definite parts of the body must have a special

significance. These considerations make it not un-

likely that the neurosecretory processes are phylogene-

tically quite old ( 152, 341 ).
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SIR CHARLES SHERRINGTON, more than any other in-

vestigator, has contributed to our understanding

of the key neuromuscular relationships underlying

posture. In his words, ''Standing is a large and com-

posite postural reflex and in its execution a fundamen-

tal element is the contraction of the antigravity mus-

cles counteracting the superincumbent weight that

would otherwise flex the joints and cause the i)ody to

sink to the ground" (170).

The experiments which led Sherrington and his

co-workers to this \iewpoint were principally their

demonstration of myotatic reflexes in decerebrate

animals (43). Resection of those portions of the brain

anterior to an intercollicular plane releases the facili-

tatory activity of the lower brain stem from de-

scending inhibitory influences and results in a state

of exaggerated contraction of antigravity muscles

(237), a 'caricature of normal posture.' Denervation

of skin, other muscles and finally appropriate dorsal

roots reveals that the tonic contraction is chiefly

dependent upon afferent messages from the muscle

itself (71, 170). Furthermore, the muscle exhibits

plasticity for, when forced to lengthen, it is increas-

ingly resistant (because of the stretch reflex) up to

some critical point, whereupon with the suddenness

of the closing of a clasp knife it gives way (by means

of the lengthening reaction). If, after a pause, fur-

ther lengthening is attempted, the same initial re-

sistance and e\entual yielding are felt, so that suc-

cessive lengthenings with renewed assumption of

tension at the new length may be repeated every few-

degrees over the total range of excursion of the joint.

Finally, to complete the picture of plasticity, when

the muscle is now allowed to shorten, each new

length is marked by a new and specific level of con-

tractural tone (through the shortening reaction).
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Sherrington grouped these lengthening and shorten-

ing reactions, and the stretch reflex, together with

the phasic knee jerk and clonus phenomena, under

the term "myotatic reflexes' (170). A limh doprixed

of myotatic reaction ijy se\erance of its dorsal roots is

incapable of postural contraction, although neuro-

muscular power may be demonstrably adequate to

bear the body's weight during clicitation of non-

myotatic reflexes [e.g. the crossed extension reflex

(43)]. However, intact segmental reflex arcs are not

all that is required for effective standing. Myotatic

reflexes in a spinal animal are much less impressive

than in the decerebrate preparation, and even months

after cord transection the hindquarters of a dog col-

lapse during standing. Needless to say, the monkey,

cat or dog with combined dorsal root and spinal

cord section manifests complete flaccid paralysis

(263, 264).

It is e\ident that supraspinal contributions are es-

sential to cffecti\e postural contraction. These,

together with the afferent and efferent aspects of

posture, are to be considered in the following sections.

Only a few generalities concerning the many contribu-

tions of central ner\ous structures to tonic contraction

can be mentioned, the reader being referred to other

chapters for further details.

AFFERENTS CONCERNED IN POSTURE

Sensory fibers, if they are to figure prominently

in reflex posture, should ha\e the.se qualifications: a)

the adequate stimulus for the sensory ending should

be that of gravity acting upon the body parts, /))

the afferent discharge should be sustained under this

stimulus and <) centra' connections of the afferent

fiber should result in facilitation of motor pools of

antigravity mu.scles. Sensory modalities will be dis-

cussed with these features in mind.

Afferents from Muscle

The principal afferents in muscle are the annulo-

spiral and flower-spray endings of muscle spindles,

and the tendon organs of Golgi [cf. reviews by Granit

(94) and Barker (9)].

MUSCLE SPINDLES. True spindle organs of muscle are

those intramuscular receptors having specific con-

tractile fibers as well as sensory wrappings; they

are found widely in skeletal muscles of crustaceans,

amphibians, reptiles, birds and mammals. Almost all

skeletal muscles may contain them, with the excep-

tion of facial, internal ear and infrahyoid muscles;

extraocular (42) and glossal (40) muscles, in which

they were earlier thought to be lacking, now are

known to contain spindles in some animals, including

man. Oljviously, the function of these organs is not

exclusively postural.

A spindle from cat gastrocnemius mu.scle, to take a

t\pical example, consists of a fusiform sheath of

connecti\e tissue which looseh encloses 3 to 10 small

muscle fibers. Each of these intrafusal fibers has two

tapering, striated motor poles and a central, unstri-

ated region containing a dozen or more nuclei in a

nuclear bag. Presumably, the nuclear bag is not con-

tractile, nor perhaps even conductile, which may
account for the presence of one or more motor end-

plates on each motor pole. These motor fibers are

small enough (the mode being at 5 to 6 fi) to contrib-

ute to the gamma wa\e of a neurogram produced

by stimulation of a mixed nerx-e at a distance from a

pickup electrode. Extrafusal fibers of the gross muscle

are supplied with alpha-sized motoneurons (with a

mode of 16 m).

Direct evidence of electromyographic potentials

from intrafusal fibers in the \ery thin tenuissimus

muscle of the cat ( 154), and the indirect evidence of

accelerated afferent discharge during selective stimu-

lation of gamma efferent fibers (165) indicate that

intrafusal fibers are contractile. Their small size and

rarity of occurrence in any cross-section of a muscle

belly ([ to 10 spindles in cat medial gastrocnemius)

have rendered futile efforts to detect contributions to

muscle tension b\' intrafusal fibers (94, 154, 165, 210).

Apparently gamma motoneurons innervate only in-

trafusal fibers, for selecti\-e stimulation of these

efferents does not directly increase postiu-al tone (210).

The relation to postural tone of the sensory circuit

through spindles will be mentioned in a later section.

Sensory endings of two types are wrapped about the

indi\idual intrafusal fibers: a primary ending en-

circling in annulospiral fashion the nuclear bag, and

a secondary ending, or flower-spray terminal, one of

which generally clasps proximal portions (myotube

regions) of each motor pole. Although easily dis-

tinguishable upon the basis of axonal conduction

rates, the responses of the two types of spindle endings

under \arious stimuli are so similar that positive

identification from ijeha\ior alone is not always pos-

sible, fiowever, by several indices, such as the be-

havior during twitches and irregularity of discharge,

nuclear bag endings seem to be more phasic in reac-

tion (59). The minimal tension of the muscle at which
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firing is continuous is also less for nuclear bag endins;s

than myotube terminals (125). At low tensions this

difference should permit pure annulospiral reflex

effects unmLxed with those of flower-spray or tendon

organs, although this margin seems insufficient to

provide full postural support without entry of flower-

spray activity.

The salient features of the l)eha\ior of spindles as

related to posture are these (94): a) passive stretch-

ing of the gross muscle increases the rate of repetitive

firing, the frequency being roughly proportional to

the muscle lengthening, h) adaptation is %ery slow

—

that is, upon stretch of the muscle to a new length

the afferent discharge after a phase of rapid firing

assumes within seconds a new le\el which is essen-

tially constant over a period of hours; c) contraction

of the gross muscle causes a decrease or cessation of

spindle firing. The latter is most characteristically

seen during a twitch induced by single-shock stimu-

lation of a muscle nerve wherein a pause in the af-

ferent discharge occurs with the rise in tension, fol-

lowed by a spate of firing during the decline of the

twitch. The pause is especially pronounced when the

muscle is allowed to shorten. These facts suggest that

spindles lie in parallel with the large muscle fibers,

as is readily verifiable histologically; and d) contrac-

tion of an intrafusal fiber accelerates the discharge

from its associated endings. If gamma firing increases

concurrently with contraction of the gross muscle,

shortening of the intrafusal fibers may overcompen-

sate for that of the matching span of extrafusal fibers

and an actual enhancement of discharge may ensue.

Since discharge from spindles is modified by both

extrinsic lengthening of the muscle and the intrinsic

contractile status of intrafusal fibers, these organs do

not act as specific indicators of muscle tension or

length (57). Their discharge, in a general way,

varies inversely as the ratio of the length of the con-

tractile pole of the intrafusal fiber to the length of

extrafusal fiber lying opposite the entire spindle; that

is, it is a measure of the relative lengths of intra-

and extrafusal fibers. The organization of reflex

tone is presumably based upon such information.

TENDON ORGANS. The encapsulated tendon organs

of Golgi are found in ligaments (4, 22), or at myo-

tendinous junctions where they are in series, as it

were, with the line of stress and can ser\e to register

tension. Thresholds and adaptation rates are de-

cidedly higher than those of spindles and, except for

brief discharges under sharp changes of tension, firing

appears only with moderate tension. Efferent inner-

vation for tendon organs is unknown.

CENTRAL EFFECTS OF MUSCLE .^^FFERENTS. The Central

effects of muscle afferents upon decerebrate rigidity,

tendon jerks, monosynaptic reflexes or other motor
phenomena are known from experiments in which

the afferents have been selectively stimulated by:

a) cutting of the tendons and other procedures

directed at the muscle (41, 73, 170, 195, 201); b)

chemical stimulation of the endings (56); c) differen-

tial stimulation of various size modalities of afferent

fibers from muscle (25, 161, 177); and d) alterations

of the length and contractile state of the muscle

(93, 115, 176). Additionally, there are supporting

data on the physiological role of muscle afferents

which are based upon e) histological observation of

central terminations of afferent fibers (254); and /)

detection of evoked potentials within the spinal cord

(39). Although some question has been raised as to

whether results obtained upon phasic indices of motor

function can be freely translated to tonic states (186),

the above evidence agrees well in ascribing functions

to the three classes of endings in extensor muscles as

follows: a) the discharge from tendon organs is in-

hibitory to homonymous and synergistic muscles;

b) annulospiral afferents on the other hand facilitate

extensor contractions, while c) flower-spray endings

probably inhibit the homonymous extensor (25, 115,

116, 124, 161, 177). In addition, each ending exerts

reciprocal effects on the opposing muscles.

Annulospiral endings are thus the mainsprings

behind stretch reflexes and postural tone. However,

only at very low tensions is the overall central effect

of the discharge from de-efferented e.xtensor muscle

facilitatory to itself, at least in cat gastrocnemius

(93). At most imposed tensions greater than 5 or

10 per cent of the contractile power of the muscle,

that is, even at tensions unlikely to arouse tendon

organs importantly, the net effect upon monosynap-

tic testing is inhibitory. The imbalance toward in-

hibition is modest, as moderate alteration of the ex-

perimental condition of the animal (such as cooling)

causes facilitation (115).

OTHER .-DEFERENTS IN MUSCLES. Fiber diameter spectra

of nerves to chronically de-efferented muscle reveal

that there are, besides group I (annulospiral and ten-

don organ afferents) and group II (flower-spray af-

ferents), other myelinated and unmyelinated fibers

with diameters less than 6 ii. Identification of specific

sensorv terminals with these small fibers has not been
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well demonstrated, nor are the physiologically ade-

quate stimuli for these endings known. Their stimu-

lation probably leads to general flexor withdrawals

(25, 174) and pain responses (18, 210), but con-

tractions restricted to the homonymous muscle have

also been noted (18, 210).

Afferents from Joints

Sensory endings in and about joints may be classi-

fied as tendon organs, Ruffini endings. Pacinian cor-

puscles and an additional heterogeneous category of

simpler endings (23, 77, 78, 24B).

PACINIAN BODIES. Corpusclcs of Pacini are found in

mesenteries, interos.seous membranes, occa.sionally

in fascial planes of muscle and, importantly from the

present standpoint, in clusters located deep to fle.xor

tendons of the digits (107). It is noteworthy that

neither in the latter location (107) nor about the

knee joints of the cat (23, 38, 78, 248) or mouse

(77) do Pacinian bodies bear a principal relation

to joints; rather they lie in locations favoring deep

pressure as an adequate stimulus. The application of

a rod or bristle directly to an isolated corpuscle elicits

a discharge which rapidly decrements (22, 105, 107)

and cannot be made to continue longer than 5 sec.

despite continued pressure and deformation (107).

These organs, therefore, are suited to signal quick

changes in pressure (248) such as occur in the acute

strains imposed on plantar surfaces of the digits upon

initial contact with the ground as in the extensor

thrust reaction. It is not certainly known that Pacin-

ian bodies participate in muscle reflexes and, indeed,

in mesenteric locations it has been claimed that they

mediate vascular reflexes (76).

RUFFINI ENDINGS. Ill monitoring single units from joint

nerves (such as in the knee of the cat), the most pieva-

lent pattern of discharge is one in which firing occurs

over a limited extent of the flexion range and a maxi-

mum frequency is found at some optimal position

(23, 38, 107, 248). Flexion-extension or rotation of

the joint causes the unit first to respond with momen-

tary overfiring or underfiring and then to settle to a

new frequency which is characteristic of that position

(4, 23). E.ssentially, the same rate is attained whether

the final position is approached either from a position

of greater flexion or of extension (38). This afferent

pattern has been identified fairly definitely with the

endings of Ruffini (22, 23, 248). These are strewn

widely among the multidirectional strands of the

fibrous capsule and ligaments, thus accounting for

the variation in ranges and optima for firing of in-

dividual receptors and providing, theoretically, a

series of permutations of receptor responses by which

the central nervous system may judge the position of

the joint. At no position of the joint are all endings

silent (23, 38).

TENDON ORGANS. Scusory endings similar to the organs

of Golgi in tendons are present in cruciate, patellar

and collateral ligaments but not within the capsule

proper (248). For this rea.son, unlike Ruffini endings,

the tendon organs of joints are relatively unaffected

by contractions of muscles which insert in the vicinity

of joints (248) and could conceivably serve as an even

more reliable indicator of joint position. The dis-

charge from tendon organs of joints, like that from

mu.scles, adapts slowly.

CENTRAL EFFECTS OF JOINT RECEPTORS. Stimulation

of articular nerves in the spinal or decapitate cat

elicits polysynaptic discharges in the ventral roots,

an inhibition of extensor monosynaptic responses and

a facilitation of flexor ones (15, 79). With stronger

stimuli, signs of pain with flexion of all limbs and the

trunk appear (79, 81 ). Ne\ertheless, in the decere-

brate preparation, flexor responses are not in\ariable

(79, 248) and perhaps, if more discriminate stimula-

tion were emploved, flexor and extensor effects would

be found to depend upon the position and nature of

the ending. Certainly receptors at some joints (such

as the cervical intervertelaral) may facilitate either

flexor or extensor effects, depending on the direction

of movement. Joint receptors, by reason of their

strategic locations and the tonicity of their discharge,

might be suspected of influencing postural contrac-

tions, and such a role of cer\ical receptors is well

known as underlying the attitudinal reflexes. The en-

tire role may be a complicated one as joint afferents

project to the somatosensory cortical areas (80,

248) as well as to the reticular formation (200).

Cutaneous Receptors

In general, skin receptors are unsuited to the task

of mediating postural contractions by reason of their

phasic discharge (69, 106, 108, 192) and flexor cen-

tral effects (43); and, indeed, decerebrate standing

can still be obtained though the skin be removed from

the entire preparation (241). However, the positive

supporting or "magnet' reaction is elicitable in the

decerebrate animal upon barest contact with the
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foot pads where the afferents are presumably cutane-

ous (19) and of large caliber (iii). Slowly-adapting

mechanoreceptors in the distribution of the sural

nerve have been described in the frog (180) and rab-

bit (6g). This is especially interesting as stretch of the

skin over extensor surfaces causes contractions of the

underlying muscle in cats (58, 109), dogs (iii),

bullfrogs (ill) and sometimes in man (228), a pattern

which fits in well with postural activity. This relation

between extensor skin and muscle is not universal,

as stimulation of the skin of the back of the labyrin-

thectomized decerebrate dog causes a collapse of

extensor tone (239).

Other cutaneous receptors may possibly contribute

to posture. Unmyelinated 'C fibers, for example,

may weakly facilitate extensor muscles (160) and

under certain types of pressure (pinpoint) have un-

ceasing discharges (285). Cold receptors satisfy the

criterion of having a slow rate of adaptation (117,

286) and stimulation of cutaneous surfaces by cold

may lead to extensor response (214, 238). Cooling

of the sole causes, incidentally, a positive Romberg
response in man [Heyd quoted by Harris (iii)].

Enteroreceptors

When man changes from the horizontal to the

erect position, widespread displacement of mesen-

teric and even retroperitoneal structures, including

the kidneys (199), occurs and hollow viscera such

as the bladder may experience considerable alter-

ations in pressure (92). Pacinian bodies and other

receptors, which presumably are affected by these

changes, are abundant in the posterior body wall,

while the bladder wall and other viscera contain

slowly-adapting endings which are sensitive to pres-

sure (128). Stimulation of visceral receptors and

nerves, although usually favoring contraction of

abdominal flexor and psoas muscles, may .sometimes

cause contraction of the vastocrureus or lead to

progressive movements (198). In intact man the knee

jerk is enhanced during strong visceral contractions

(132), and in spastic man the close relation of visceral

receptors to flexor and extensor spasms is notorious

(215). The observation that chronic midbrain ani-

mals are sometimes incapable of standing except while

defecating may have a similar explanation (143).

Final Comment

The criteria, cited earlier, which sensory endings

should satisfy if they are to figure prominently in re-

flex posture, are met, so far as present knowledge goes,

by the annulospiral endings of muscle spindles and

perhaps by the Ruffini endings of joints. The over-

whelming importance of muscular afferents, that is

endings in the spindles, in contractions of tonic nature

was demonstrated conclusively by Sherrington.

However, as shall be seen, joint receptors have also

been suspected of playing a prominent role in posture.

EFFERENT SIDE OF POSTURE

The final expression of postural integration is

determined by the combinations of motor nuclei

which are activated and by the pattern of moto-

neuron activation within the nuclei.

Pa Iterns of Motor Nuclei Activation

The word 'posture', although defined variously

by the orthopedic surgeon (202), kinesiologist (253),

behavioral psychologist (87, 229) or physiologist

(170), connotes in each usage active muscular re-

sistance to the displacement of body parts by gravity.

For the quadruped this means contraction by those

derivatives of the primitive dorsal musculature

which extend the limbs, arch the back and raise the

head and tail (197, 239). However, abdominal mus-

cles (244) and the anal sphincter (65, 139, 197),

which are fundamentally flexors, also participate,

as do the special muscles of mastication. In man even

the levator palpebrae and facial muscles may be sus-

pected of some form of antigravity tone. Contraction

of flexors would appear to be preponderant in the

arms of the monkey (217), wings of the pigeon (244)

or hind legs of the frog (244), while in the arboreal

sloth, the ijalance of postural integration is completely

flexor so that the caricature of normal posture seen

in the decerebrate sloth is one in which the animal is

curled into a tight ball (24, 226). The one feature

which consistently characterizes motor nuclei active

in postural tone is their inner\-ation of antigravity

muscles.

The question ari.ses whether in the intact animal

the activity of antigravity motor nuclei is coupled

with reciprocal inhibition of antagonist nuclei.

Certainly in tlie anesthetized or decerebrate animal

(19), flexor participation in the positive supporting

reaction may be strong, but the fact that contractions

often radiate to all muscle groups under extreme ex-

citation (167, 228) makes inference from these exag-

gerated states to the normal one uncertain. Electro-
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myograpliic monitoring of activity in opposing pairs

of leg muscles in man indicates that the contractions

are reciprocal (167).

Patterns of Motoneuron Activation

The participation of neuronal and muscular ele-

ments in postural contraction is imperfectly known

despite innumeraijle obser\ations beginning with

those of Ran\'ier in 1874 (224). Much older work

attempted to attribute tonic contraction to supple-

mentary innervation of striated muscle by sympa-

thetic or parasympathetic systems [for reviews see

(118, 259)] or to gamma-sized motoneurons (iio).

These efforts have failed of conxincing demonstration,

and current thought holds that all skeletal muscular

contraction in mammals is mediated by alpha moto-

neurons (146, 154, 259). Assuming for the present

that all muscle fibers in a motor unit contract in

response to a single axonal impulse, three possibilities

exist by which a motor pool mav maintain subniaxi-

mal contraction of a muscle: a) all neurons may be in

continual but submaximal action; b) all neurons of

the pool may participate but only a few discharge

at any one time; or c) selected motor units may be in

continual action, the others remaining idle until

recruited for phasic or stronger tonic contraction.

The fact that motor units are activated at higher

rates as the strength of contraction increases is well

known. It appears, though, that this mechanism

may have limited application for, in moderate con-

traction of the muscle, this increase in rate is not

large as compared with the minimum rate at which

the unit fires (17). At any rate, most accounts of

single unit electromyographic recording note the

entry of new units as contractions are intensified.

The persistent idea that units engaged in tonic

contraction are in rotational activity (7) first received

wide attention following a review by Forbes (67)

in which it was mentioned as a mere speculation.

Evidence from electromyographic sampling of single

units of muscles in sustained reflexes, decerebrate

rigiditN' or \oluntary contractions (i, 17, 121, 221,

225, 249, 272, 278), however, has not revealed such

rotation. Active units, on the contrary, ma\' fire

continuously for over one-half hour in sustained (171)

or repeated contractions (88). Presumably, such units

do not fatigue becau.se the low rates of motoneuron

discharge (i, 17, 22 ij are below the frequencies re-

quired for tetanic fusion of single units (90). Even

extraocular muscles, to which motoneurons may dis-

charge at rates up to 170 per sec, are not maximally

taxed, for fusion thresholds are correspondingly in-

creased to 350 per .sec. (225). Although rotation in

the above sense is unsubstantiated, fluctuations in

activity between motor pools or segments of the pool

of a single muscle might be expected to result from

the kaleidoscopic adjustments of balance made by

the animal's body. These waverings are seen impres-

sively on cephalograms taken during Romberg test-

ing in man (113). They could, through localized

stresses within a muscle, cause myotatic contractions

of single heads ( i 70) or even minute slips of the mus-

cle (37, 170). The alternative to equipotentiality

among units in a motor pool, and the implied rotation

during submaximal contraction, is differential sensi-

tivity among the motoneurons. The amphibian pro-

vides a complete illustration of this, for tonic contrac-

tion, attaining perhaps 15 per cent of the available

ntuscle strength, is mediated by a distinct class of

ventral root fibers of small caliber which lead to

special small muscle fibers (153, 155, 156, 256).

The latter ha\e slow, sustained and nonpropagated

contractions, whereas the larger mu.scle fibers, which

arc inner\ated by neurons of greater size, contract

only phasically (153). The small nerve system has a

lower threshold to cutaneous stimulation than the

large one and is thought to be the instrument of

postural tone (146, 155). Crustacea also have a dual

contractile mechanism (152), sometimes with the

additional complication of inhibiting neurons (279).

In mammals little is known concerning the rela-

tions of the motoneuron to red and white, bright and

dark, field and fibrillar or other descriptive types of

muscle fibers (21, 150, 282). Even the functional in-

ference that red and white muscle types correlate

with speeds of contraction is questioned (46), although

the generalization tiiat red muscle is concerned pri-

marily with sustained contraction (112, 207) continues

to receive support. Se\eral investigators, for example,

have noted that the soleus, a relatively red muscle

e\en in man (268), is more active in standing than

other heads of the triceps surae (i, 47, 70, 133, 144,

206). Units in deeper portions of muscles, w-here lie

muscular heads (46) or strata (48, 91) of redder fibers,

often ha\e low thresholds in tonic contraction (138),

tendon reflexes (47) or in the spastic activity in para-

plegia (47). Even in the anterior tibial muscle, a

physiological flexor, red portions have a lower

threshold and longer after-discharge to elicitation of

flexor reflexes or stimulation of the motor cortex than

paler and faster-contracting superficial layers (91).

Similar elicitation of flexor reflexes, however, seems

in the rabbit to cause the pale semimembranosus to
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contract more readily tlian the I'ed semitendinosus

(112).

In voluntary contraction of a muscle, activity is

consistently aroused in some single units earlier than

in others (47, 50, 127, 157, 234, 249) Also, units

activated in willed "primary' movements are not the

same ones that first appear when the muscle is acting

in accessory postural fixation (47, 234). Although in-

terpretation of disparity in the size of potentials as

picked up by unifocal electrodes is difficult (47, 131),

it is suggestive that the units activated in fixation {47)

and those appearing only secondarily on voluntary

contraction {157, 208) have relati\ely large action

potentials. This is somewhat paradoxical, for units

with high thresholds in voluntary contractions are

late to respond to galvanic stimulation of motor

nerves which indicates that their axons are small

(157). In accord with the latter finding, fragmentary

histological evidence indicates that motoneurons to

red, or tonic, muscles are smaller than those to their

immediate companions of paler composition, e.g.

the soleus versus the gastrocnemius (46, 54, 245, 256);

this is, perhaps, also true for the medial versus the

lateral head of triceps brachii (61 ), and the semitendi-

nosus as compared with the .semimembranosus (61).

It can only be said at present that relationships be-

tween the axon size of a motor unit and its evoked

EMG potential are not well known (208).

Tokizane and other Japanese workers (70, 138, 139,

141, 260), in studies on the motor units of human
muscles, have come to recognize a 'kinetic' type of un-

even discharge and a more uniformly firing 'tonic'

type upon the basis of irregularity of ,spike-to-spike

intervals in the discharge of single units. It is inferred

that these units mediate phasic and tonic contractions,

respectively, and in accord with this the relative

number of kinetic and tonic units varies with the

functional nature of the muscle. The gastrocnemius,

for example, has more kinetic units than the soleus

(70). Similarly, the abductor pollicis muscle is

largely kinetic (138), while the .sphincter ani is tonic

(139). Perhaps related to this characterization is the

observation that units which are preferentially acti-

vated in 'primary' movements tend to fire in asyn-

chronous showers, whereas those activated in con-

tractions serving purposes of fixation have a periodic

discharge (47). A claim has been made that two

types of electromyographic units in man and other

mammals may be separated by curarization or by

hypno.sis (230).

Recently, attention has been directed to the moto-

neurons themselves for evidence of two kinds of units.

Some gastrocnemius motoneurons, for example,

may consistently be induced to fire at les.ser degrees

of stretch of the homonymous muscle, or inten.sity

of electrical stimulation of the muscle nerve, than

other units (3). Granit and his co-workers have

separated the units in the motor pool of the triceps

surae muscle (i.e. both red and white muscle) into

phasic and tonic units, according to the duration of

firing in response to single shock stimulation of the

muscle nerve after a preceding period of tetanic

stimulation (96). Also, Eccles and his co-workers,

through the use of intracellular electrodes, have

distinguished tonic and phasic motoneurons in the

motor pools of a variety of muscle complexes (53)

They characterize the tonic units as exhibiting long-

lasting after-hyperpolarization, more general accessi-

bility to monosynaptic acti\ation from afferents of

synergistic muscles and .slower conduction rates in

their axons. Separation of units into tonic and phasic

classes is not sharp, however (53), and wide \ariation

in responsiveness of units is found if rigorous steps are

taken to ensure revelation of all units capable of

firing monosynaptically upon stimulation of com-

ponents of the triceps muscle nerve (179). Further-

more, since firing indices of individual units may be

shifted drastically by alteration in the background

level of facilitation, it is difficult to decide whether

variation in firing capacity is truly bimodal or not

(179). Certainly curves relating the height of mono-

synaptic response to stimulus strength do not show

the bimodality (175) which would be required if

there were two classes of neurons of greatly differing

thresholds to monosynaptic testing.

Conceivably, even though motoneurons of a given

motor pool are all of the same type, muscle fibers of

dissimilar nature might be diflferentially stimulated

through partial blocking of the passage of impulses

onto some branches of the a.xon, such as the thin

'accessory fibers', or across some myoneural junctions.

Such exception to the principle of all-or-none con-

traction of the motor unit has been adduced to ac-

count for the graded augmentations of muscle action

potentials produced by stretch or a preceding period

of indirect stimulation of the muscle [see review by

Hodes (120)]. In chickens, for example, it is claimed

that one quarter of the gastrocnemius fibers, which

respond after a conditioning shock or tetanic stimu-

lation of the motor nerve, do not contract following

an isolated shock to the nerve (29). Normal mam-
malian muscle may also exhibit augmentation of

potential during a series of supramaximal indirect

stimuli (208), but generally the phenomenon is
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seen only under partial curarization (169), in neuro-

muscular disease (120, 278) or in fatigue (222).

Should multiple innervation of single muscle fibers

of the type shown for the frog (126, 137), rat (131)

and cat (126) prove widespread, it may become

necessary to re-examine the concept of overall con-

traction of individual muscle fibers as well as that of

motor units.

Postural Mainlniame in Man

The importance of tonic reflex contraction in the

postural maintenance of man has been questioned

by several investigators who, using needle electrodes,

found essential electromyographic silence in the gas-

trocnemius, soleus and tibialis anterior muscles

during 'easy standing' (11, 36, 121, 134, 144, 235,

272). Others deny these findings (47, 133, 206, 209);

but the difference in opinions is in part semantic,

for all observers agree that at the extremes of postural

sway corrective contractions take place. The impor-

tance of training in obtaining adequate relaxation

should also be emphasized (267).

Direction of interest to the play of muscles about

the ankle only partly reveals the role played by active

contractions in correcting imbalances at this joint,

for cotnpensations can result as well from shifts in

the center of gravity produced by hip or trunk move-

ments. The lower reflex threshold and greater promi-

nence of tonic contractions (43, 21 7J, and greater

sensory discrimination at proximal joints (89) as

compared to distal ones, point to the importance of

proximal joints in posture. Pigeons, to use another

biped as an extreme example, roost fully as effec-

tively upon a leg in which the foot and ankle are de-

nervated as upon the sound leg (34). In man observa-

tions upon deeper muscles of the hip during standing

are lacking, but the related sacrospinalis muscle may
be silent (64, 221) or nearly so (36), as is also the rec-

tus abdominis (63, 140). More important, however,

considering that the line of gravity falls posterior to

the hip joint (62), are indications that activity is con-

tinuous in the oblique abdominal muscles (63, 255).

Reaction against Sherringtonian views of postural

tone has led Clemmesen of the Danish group of mus-

cle physiologists to declare that "we must reckon

with the passive elastic tensions and forces in the

muscles, and (the fact) that this concept is much
more correct than the now discarded concept of

muscle tone" (36). He and others (2, 121, 235, 267)

point out that stretching of muscles in normal man,

including those about the ankle (272), leads only to

reflex contractions at rapid rates or considerable

lengths of stretch. Muscles in the stub of a kineplastic

amputation, for example, may be lengthened 50

per cent without eliciting detectable electrical changes

(221). Kelton (144) argues that po.stural contraction

may be more closely geared to joint than muscle

receptors since activity in the soleus muscle of a

standing man may be initiated by a rate and degree

of angular deflection which was incapable of eliciting

a stretch reflex in the resting muscle. In animals with

greater extensor tone, including those decerebrate,

on the other hand, the sensitivity of stretch reflexes

may be exquisite, the threshold for the gastrocnemius

being 50 fi (170), and for the supraspinatus 8 /i

(48) of lengthening.

The ability of man to stand with little expenditure

of neuromuscular energy derives from the elasticity

of ligaments and muscles, the mechanical features of

some joints and the fair compensation with which the

centers of gravity of body segments are superimposed

(2). The role of elastic nuchal ligaments in suspending

the head of a herbivore is well known; but similar

postural functions in man of the ligamenta nuchae

and flava, the twisted iliofemoral ligaments and

crossed ligaments of the knee are insufficiently appre-

ciated (2). Elasticity of the muscle and its sheath is

not an inconsiderable factor (34, 135, 267), and even

in Sherrington's decerebrate animals, denervated

muscle exhibited as much as 10 per cent of the ten-

sion developed by the innervated and highly hyper-

tonic muscle when stretched to some lengths (43).

In man the elastic tension of the calf muscles, at the

usual angulation (88°) of the ankle, has been meas-

ured and found to be essentially equal to the gravi-

tational forces tending to tip the body forward (134).

The plastic qualities of muscle, on the other hand,

are probaijly of less importance in postural main-

tenance than they are in locomotion where they

become a major factor in limiting the speed of move-

ment (75).

Experimental observation has shown that an aim

of postural integration in man is to keep the center of

gravity of the body directly (within 7 per cent) over

the center of the basis of support (10, 1 13). Contrary

to statements based upon a misunderstanding of the

meaning of 'Normalstellung', as used by the original

workers in this field [evaluated by Brunnstroin (33)

and Hirt li al. (11 9)] the line of gravity of the average

individual does not pass successively through the

a.xes of the major joints. Rather, it passes posterior to

the interacetabular line, anterior to the knee joints,

and several centimeters in front of the ankle joint to
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fall finally midway between calcaneal and meta-

tarsal points of support (2, 33, 202, 253). Active mus-

cle support is largely avoided at these levels, however,

by mechanical arrangements (62, 181). At the hip,

for example, the iliofemoral ligaments together with

elastic forces of the muscles may in some individuals

be adequate to prevent overextension in standing

{2, 135). The pull of these ligaments in turn holds

the femora in medial rotation, thus preventing the

unlocking rotation at the knee joint which is neces-

sary for flexion (2); that the quadriceps tendon is

relaxed in standing is easily verified (2). At the tibio-

astragalic articulation, the body is prevented from

falling forward when the foot is abducted by the fact

that the planes of flexion of this joint in the two feet

form an angle of 60° open to the front. Teetering

forward then requires that force in part be directed

along the axes of a hinge joint rather than entirely

in its plane of flexion (181).

To summarize, it is apparent that the function of

the neuromuscular system in standing man is less

one of steady antigravity contraction than one of

intermittent correction of balance. On the other

hand, consideration only of evidence from subjects

"standing at ease' perhaps overemphasizes the im-

portance of passive balance, for people assume a

symmetrical position only 20 per cent of the time

spent in casual standing (250). Furthermore, man is

unique since most other mammals, including pre-

historic man and the great apes (202, 229), have

standing postures characterized by partial flexion of

limb joints with the corresponding requirement for

tonal support.

CENTR.^L .ASPECTS OF POSTURE

Central Facilitation of Postural Reflexes

The function of the central nervous systein in

posture is, in essence, the translation of the variegated

influx of afferent impulses into a steady and directed

flow of efferent discharge. Segmental levels are basi-

cally capable of this integration. The dog, for exainple,

several months after transection of the thoracic cord,

can rise from a sitting to an erect position and stand

for a time (193, 244), occasionally even on one hind

leg (241). Similarly, spinal man can be made to sup-

port his body weight, if reflex-initiating pressure is

maintained over the popliteal region (158). Yet pos-

tural performance in the spinal animal is incomplete.

After minutes or a half hour of standing, the hind

quarters of the spinal dog collapse, either gradually

and without apparent stiinulus or suddenly in re-

sponse to some minor incident favoring a flexor re-

sponse (244). Moreover; behavior in such chronic

animals hardly represents quantitatively the condi-

tions in the intact animal because of the acquired

sensitization of spinal centers (257). Acute spinal

dogs or cats show no ability to stand, even when the

level of central activity is raised by amphetamine
administration (190). Reflexes in spinal animals are

characteristically abrupt and unsustained (43).

The additional background activity necessary to

bring potential postural patterns to successful ex-

pression arises from several .sources: a) somatic sen-

.sory inflow from other spinal and brain-stem levels;

h) special .sensory inflow from vestibular organs; c)

the non.specific activity of the reticular formation;

and d) those relatively discrete influences descending

from the cortex, basal ganglia and other brain struc-

tures. A discussion of the latter important contribu-

tions to posture must be left to other chapters.

SPINAL AFFERENT INFLUENCES. Sensory inflow over a

dorsal root affects activity not only at that specific

segment but contributes also to that of distant levels.

Thus, sensory impulses from receptors of cersical

intervertebral joints do not have their sole or even

prime effect at the immediate segmental level. The
labyrinthectomized cat cannot hold his head up,

for instance, although the head be placed initially

in the position favoring extension (217). Rather, the

influence of these receptors is stronger upon the fore-

legs and extends as far as the hind legs. Even somatic

alTerents in cranial nerves inay influence spinal

levels, for example, the associated movements of

distant limbs which accompany clenching of the jaw

of the hemiplegic patient (269). It is not surpris-

ing in view of these facts that the incidence and in-

tensity of reflex activity increases with the length of

the cord segment in a spinal animal (104, 214, 215),

or the number of dorsal roots remaining in a partialK'

deafferented preparation (too, 173).

VESTIBULAR INFLUENCES. A powerful influence upon

segmental postural reflexes is the vestibular inflow.

Although under some circumstances the labyrinths

appear to impart greater intensity to all components

of motor patterns (72, 145), the net efi"ect of this

quinquifid inflow (that from the two maculae and

the three cristae) is one of unfatiguing facilitation of

antigravity inuscle activity, both at spinal (84, 85)

and cranial (244) levels. Nevertheless, sensory in-
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flow from vestibular organs (as distinguished from

the influences of vestibular nuclei) is not indispens-

able for standing of decerebrate preparations (240,

241) nor of intact animals, including man (68).

RETICULAR iNFLLTENCEs. Yet anotlicr type of influence

upon postural reflexes derives from the reticular

formation, a region discussed in detail in Chapter

LII by French in this Handbook. This diffuse region,

fed continuously by impulses from a variety of

origins, including vestibular organs (85), muscles

and joints (42, 200), exerts a steady influence upon

segmental reflexes and tonic contractions (251). In

part, these influences may be expected to have spe-

cific and organized effects upon the body muscula-

ture since portions of the cephalic reticular formation

contain ill-defined centers for some of the righting

reflexes (188). In concept, at least, other activity

mav be more formless, a force for general motor

arousal. Destruction (of facilitatory portions) of the

reticular formation leads, indeed, to akinesia and

hypotonia along with heightened thresholds for gen-

eral arousal (189). In a positive sense the eff"ects of

the brain stem upon posture may be seen by con-

trasting the behavior of the decapitate cat with that

of the cat in which the brain stem is deprived of all

neck, labyrinthine and descending influences [ex-

cept, in part, the cerebellum (218)]. This preparation

exhibits a posture of waxy flexibility in which fore-

arms are partially flexed, while hind legs are held in

moderate extension. Attempts to flex any of the ex-

tremities meet moderate resistance which progres-

sively increases as the flexing is repeated, a behavior

which perhaps represents an 'arousal" of motor

performance by the reticular formation.

A kindred example of a nonspecific central in-

fluence upon posture is the SchifT-Sherrington effect.

If in a decerebrate cat the cord is cooled or cut at

the thoracic level, the posture of the forelimbs is

tonically shifted toward extension; or if the lumbar

intumescence is the site of sectioning, enhanced ex-

tensor reflexes may be seen in muscles of the hind

leg innervated by the cephalic segment, such as the

quadriceps (43, 232). This release is not readily ex-

plainable in terms of simple pleurisegmental reflexes

for, although reflex effects between forelimbs and

hind limbs are elicitable in both ascending and de-

scending directions, a reverse Schiff-Sherrington ef-

fect is not generally described, although such an

observation has been made in the frog (281). Further-

more, the release of extensor activity in the forelimbs

is seen even when the posterior cord segment has

been acutely or chronically deafiferented (231). Thus,

it appears that there is a separate type of activity

arising sui generis at lumbar cord levels or through

long return circuits from superior levels (231).

Circulating endocrine secretions affect general

motor activity (12) which suggests that they may
enter into facilitation of postural behavior also.

Stimulation of the reticular formation through the

direct action of epinephrine (45), for example, could

provide such action. A central action of progesterone

has been postulated to explain the decreased tonus

and electromyographic activity in abdominal muscles

during pregnancy (140, 255), or following the ad-

ministration of this hormone (140, 142). This action

would favor development of the compensatory

lordosis of presjnancy.

Significance to Postural Tone of Motor

Innervation of Spindles

Conceivably muscle receptors of purely passive

nature 'in parallel' with contracting fibers could

provide a mechanism for reflex posture, as may be

the case in fish. Their afferent discharge, varying as

the length of the muscle, could at one optimal length

be exactly sufficient to resist reflexly the load imposed

on the muscle by gravity. Lengthening would arouse

increased discharge, a greater contraction and a

return of the muscle toward the optimal length.

Posture under such a mechanism would be singularly

inflexible, for muscles would always seek the fixed

position of repose.

The problem of resetting sensitivity of spindle

receptors, to permit establishment of an inflow-

outflow equilibriimi at any length of the muscle, may
be solved by making the discharge of the sensory

wrappings dependent also on the pull of a special

muscle fiber which through central innervation

may be held in partial contraction or 'bias.' In frogs

this innervation consists of thin branches of motor

axons leading to extrafusal muscles (136), so that

compensation occurs for the unloading and de-

creased firing of spindles in active shortening. Each

combination of length and contractile force of the

gross muscle is presumably linked with a specific

rate of afferent discharge, and upon the equational

constants of this relationship depends the fitness of

the external circuit through the spindle for sustaining

the contraction without additional aid.

Mammals have added flexibility to spindle func-

tion by dissociating totally the peripheral innerva-

tion of extra- and intrafusal muscle. In tiiis new
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freedom, coactivity or reciprocal activity between

alpha and gamina motoneurons may and does

occur. Usually in spontaneous cortically-induced or

reflexly-elicited motor responses, the acti\ity of both

neurons increases together so that the afferent dis-

charge from spindles rises rather than drops during

contractions. Parallel inhibition, too, of both types

of motoneurons is found (94, 123).

Alterations in activity of alpha and gamma moto-

neurons are not simultaneous, or rather, the thresh-

old for gamma effects is lower than that for alpha

effects (63, 146). Distention of the bladder of the

spinal cat, for example, may readily lead to spindle

activation preceding, or in the absence of, alpha

activation (Abdullah, A. & E. Eldred, unpublished

oijservations). Furthermore, firing of lumbosacral

gamma fibers may persist despite bilateral multiseg-

mental section of dorsal roots, under which condi-

tions alpha activity, of course, is absent in the

decerebrate cat (57). Amphii^ian and mammalian

propriocepti\e systems, thus, differ not only in the

greater independence of action possible in mammals

but in that this independence is exercised to afford

gamma efferents a greater sensitivity to reflex and

descending influences.

The aijove observations, together \sith the knowl-

edge that gamma efferents are readily influenced

froin a variety of brain structures (55, 94), indicate

that this efferent system does not merely serve to

adjust locally afferent inflow to changes in muscle

length but has wide functional significance. The

prominence of gamma activation in decerebrate

animals (57, 123) and the known dependence of the

stretch reflex upon annulospiral afferents suggest

that postural maintenance is a part of this function.

The observation that the net effect of afferent dis-

charge from passively stretched and de-efferented

extensor muscle is largely inhibitory to homonymous

alpha (115, 124) and gamma neurons (123; r/.,

however, 146) makes it appear that some degree of

intrafusal tone may be requisite for the very existence

of a stretch reflex. Simultaneous stimulation of a num-

ber of isolated gamma efferents leading to a muscle

does, in fact, result in facilitation of the mono-

synaptic reflex (124). And of course, in the decere-

brate animal, which has vigorous gamma efferent

activity, stretch of the muscle leads to sustained

facilitation of homonymous motoneurons (3).

The gamma efferent system, although a major

mechanism behind postural tone, is not necessarily

the sole one, for alpha neurons are also directly ac-

cessible to postural influences (252, 265). The cat.

for example, which has been chronically deafferented

bilaterally in the cervical and thoracic segments,

then terminally decerebrated and spinalized at a

low thoracic level, still demonstrates labyrinthine

effects upon the forelimbs (219). Also, tonic contrac-

tions in deafferented limbs may be produced and

coactivation of alpha and gamma neurons disturbed

by alterations of cereijellar function (98).

Nor is it implied that tonic contraction is the sole

concern of the mammalian gamma efferent system.

Many considerations point to a close tie with phasic

motility; the presence of spindles in nearly all types

of muscle, the strong control exerted over them by

motor areas of the cortex (60, 95), the rapidity of

pathways descending to gamma-efferents (97) and,

if an analogy may be used, the fact that intrafusal

fibers in frog spindles are innervated by branches of

the large phasic motoneurons as well as by those

mediating tonic contraction (151). Even a role in

adjustment of sensory perception (52) cannot be ex-

cluded since some muscle afferents project to the

sensory cortex (80, 82, igi, 204).

Postural Adjustment

B.oiSic MECH.^NISMS. Postural maintenance is but

another facet of the organism's efforts at homeostasis

and as such is not a reflex state of wholly unvarying

afferent-efferent exchange, but one in which adjust-

ments for nuances of imbalance are continually being

made. Basically, these corrections are either resistive

or compensatory. The stretch reflex itself serves to

resist changes in position and to encourage the return

of disturbed parts (although the latter is obstructed

by the lengthening and shortening reactions). The

standing dog, for example, in swaying forward

stretches tendons of digital flexors (physiological ex-

tensors), thus facilitating restitutive contractions of

these muscles (19, 233). If the dog leans too far

forward, compensatory mechanisms enter for new

receptors which favor flexor action and inhibit ex-

tensor tone are excited until finally the paw is raised

and replaced in a position of better support, the

hopping reaction (iii, 220). Resistive mechanisms

are sometimes at play in operation of the 'righting

reflexes'; thus the body-on-head reflex would seem

to be ever ready to oppo.se tilting of the head. Full

elicitation of righting reflexes, however, involves

compensatory efforts to re-establish the postural

status quo. The actions in which visual stimuli cause

the head to turn, in which vestibular organs cause the



10/8 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

neck and body to be realigned, and in which the

neck receptors cause the repositioning of extremities

are all compensatory.

AFFERENTs IN POSTURAL ADJUSTMENT. Receptors Con-

cerned with the correction of more profound aberra-

tions of body position are characterized by their

specialized nature, such as the maculae and cristae,

or advantageous location as is the case with the

vestibular organs and upper cervical intervertebral

joints. Receptors about intervertebral joints, particu-

larly those where major segments of the body move

with respect to one another, have important postural

effects. Thus, jarring of spinous processes (51) or

flexion of the pelvis on the trunk eliciting the tonic

lumbar reflex in man (64, 261) and monkey (16)

cause contraction of the erector musculature; flexing

of the neck on the thorax diminishes extensor tonus

through the vertebra prominens reflex (188); and

strains imposed upon the upper three (194) or four

intervertebral (217) joints lead to pronounced pos-

tural effects by means of the attitudinal reflexes and

neck-upon-body righting reflexes.

It is difficult to formulate a general rule covering

the effects of movements at intervertebral joints upon

postural patterns. Behavior among species differs;

extension of the neck in the cat cau.ses extension of

forelegs and flexion of hind legs (188), whereas in

man and rabbits (187, 188) all extremities extend.

The effects of movements at various le\els differ;

bending of the neck to one side causes extension of

both contralateral extremities, w^hereas bending of

the lumbar spinal column is said to cause protrusion

of the leg and flexion of the arm (129). Additionally,

some intervertebral reflexes reverse at a certain

extreme of articular excursion. Moderate flexion of

the neck of the labyrinthectomized decerebrate cat,

for example, typically elicits powerful flexion of the

neck and forelimbs, but if pressure on the head is

exaggerated the neck may spring into extension

(217). Similarly, but conversely, moderate active

flexion of the thorax upon the lumbar region in

man arouses activity in the sacrospinal muscle which

at full voluntary flexion is completely inhibited (64).

These effects seem generally to be bivalent in the

sense, for example, that retraction of the head

causes contraction of the extensor muscles of the

foreparts, while bowing of the head activates the

flexors (217). Also, they are reciprocal in that en-

hanced facilitation of extensor activity is associated

with active inhibition of flexors and vice versa (85).

Neck reflexes are mediated by receptors of axial

joints (194) and this is probably true for other trunk

reflexes. That more peripherally located receptors

also may participate in postural adjustment is sug-

gested by the fact that the labyrinthectomized and

blindfolded thalamic cat can right itself when laid

upon its side or e\en when foot pads alone are

stimulated (188). Whether this body-on-body reflex

is requisitely cutaneous is uncertain as muscle re-

ceptors are not indifferent to lateral pressure upon

the gross muscle (146). Indeed, spinal man shows

traces of body-on-body reflexes when suspended in

water (216), in which situation gravitational forces

acting upon proprioceptors presumably initiate the

reflex. Cues from proprioceptors, incidentally, are

capable of mediating imperfect but unassisted stand-

ing in the blindfolded patient with chronic bilateral

\estibular nerve section (68).

It should be mentioned in passing that it is not

entirely reasonable to assume that utricular receptors,

in evoking the static labyrinthine reflex, serve only

the function of maintaining antigravity tone, for the

position of the head which most favors extensor con-

tractions (vertex downward) is opposite to that

assumed in standing. If teleological explanations must

be applied, the vestibular eflfects are more in the

nature of a righting reflex, in which, by extension of

the limbs, the body's center of gravity is displaced

ventralward and righting assisted.

POSTURAL ADJUSTMENTS IN .M.\N. Ncck, trunk and

labsrinthine reflexes are recognizable in man, espe-

cially in early developmental stages (86, 247, 275),

or in patients with brain damage (20, 113). In the

intact adult their presence is demonstrable through

use of refined methods of examination, invoKdng

either a) facilitation by hypertensing (276) or severely

exercising the part of the body under observation

(114) or /)) detection of subtle changes in reflexes

(35), muscular tension (182) or electromyographic

activity (129, 261). The assistance that these reflexes

may gi\e in rational physiotherapy is becoming

recognized (168, 284J.

CENTRAL LEVELS OF MECHANISMS FOR POSTURAL AD-

]USTMENT. Most rcflcxes of postural adjustment in-

vohe wide extents of the neuraxis. Labyrinthine

influences, for example, are manifest in hind limbs

as well as forelimbs, and stimulation of proprioceptors

in the neck of the duck may affect the tail feathers

(148). Some of these reflexes are complete in basic

pattern at cord levels. The spinal cat or dog, for

instance, when laid upon its side, exhibits those
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movements of tail, rump and hind legs useful in

righting, although these efforts may not succeed

because of the absence of postural tone (190, 236).

The central organization of other reflexes which

have their afferent inflow entirely at spinal levels

involves, in addition, portions of the brain stem.

Neck reflexes are fully elicitable only if those portions

of the brain posterior to a transection through the

inferior coUiculus and rostral portion of the pons are

retained (201, 221). The 'center' for the body-on-

head reflex is said to be in the midbrain (188, 220).

Labyrinthine righting reflexes require, of course, the

presence of the brain stem at the level of the eighth

nerve and. additionally, the midbrain tegmentum

(220). Even the lowly frog fails to develop capacity

for vestibular righting when, in the tadpole, the brain

stem is sectioned at such a level as to exclude the

mesencephalon but leave intact the labyrinthine

inflow (270). Extreme among adjustment mecha-

nisms in the extent of neuraxis involved is visual

righting, for here the cortex must be preserved (220).

It is evident that complete postural performance,

both for sufficiency of contractile tone and of ad-

justment mechanisms, requires the presence of supra-

spinal levels.

LOCOMOTION

Relalinns of Locomnlion to Posture

at Reflex Level

A clinician has said that "postural tunc follows

movement like a shadow"; and, indeed, from ob-

servation of the 'associated movements' of paralyzed

limbs which accompany the use of sound limbs in

hemiplegic patients, it is easy to come to the concept

that all voluntary movements are accompanied by

appropriate postural adjustments of the rest of the

musculature (269). Locomotion and posture are

even more closely related, and reflexes basic to stand-

ing contrii)ute inseparably to progression also. The
conversion of the dog leg, for example, to a rigid

support by stimulation of the foot pads (positive

supporting reaction) is an integral part of the pro-

traction phase of 'marking time", or if extension-

retraction is vigorous, of a 'step.' The basic reflex of

posture, the stretch reflex, adds to the perfection of

the locomotor pattern in limiting the ballistic ex-

cursion of limbs, preventing lurching of the bod\

to the side of a lifted extremity, restraining antago-

nists in alternating contractions, etc.

Reflexes of postural adjustment also fit well into

progression. For example, in man the rotation of the

right side of the pelvis forward facilitates flexion of

the right leg, extension of the left, flexion of the left

arm and extension of the right, actions all appro-

priate to walking (261). To cite another example,

the dog standing on one hind limb has maximum
extensor tone in that leg when it is in the position

most favorable for weight bearing while, conversely,

extensor tone in the free limb becomes greater as the

hindquarters of the dog are shoved from this stabile

position, the 'Stemmbein' efTect (220). This reaction

fits equally well in corrective hopping or progressive

stepping.

Locomotion employs, in addition, reflexes not re-

lated to posture. The 'extensor thrust', for example,

although of the same sign as the supporting reaction

and elicited from the same general area, differs in

that it is excited best by brusque tensing or relaxing

of the skin about the toe pads (238), primarily affects

hip muscles rather than ankle extensors and is phasic

but powerful in efTect (239). Thus, the reflex is better

adapted to galloping or springing (springing reflex)

than standing. Opposite in sign is the negative sup-

porting reaction which permits the leg to be lifted

and, assisted by passive changes of this compound
pendulum, to be carried forward in a step (19, in,

233). Also strictly kinetic in nature are the progres-

sion reflexes which require accelerating forces acting

on the semicircular canals (and in minor degree, the

vestibular organs) for elicitation (44, 220); the rabbit,

for example, when lowered briskly downward and
forward extends its forelegs, a reaction of obvious

value in bounding progression (44J.

Afferent Modalities in Progression

The role of specific afferent endings in locomotion

is incompletely known (79, 178, 201, 213), although

the older work, as presented in the classical mono-

graphs of Magnus (187), Rademaker (220) and

Creed et al. (43), generally indicated the importance

of proprioceptors and described progression in terms

of interlocking proprioceptive reflexes. Exteroceptive

stimuli or volitional excitation might initially cause

the head to move relative to the shoulder; then

receptors in joints and muscles of the neck could

initiate movements of the forelimbs; and these in

turn call forth adjustments of the trunk and hind

limbs. Transmission of such .sequences can be purely

mechanical; the hindquarters of the thoracic spinal

cat may still move in appropriate diagonal sequence
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in response to cues from the forclimbs (252). Or the

coordination may be impressed centrally; the por-

tion of an eel extending behind vertebral segments

which have been removed or splinted against move-

ment still contracts in rhythm with the anterior seg-

ment (99).

Reflex influences between distant limits are

demonstrable in normal (130) or paraplegic man

(185, 214, 228), as well as laboratory animals (213,

252). Typically, the pattern is diagonal, and pressure

to one forepaw of the cat (decerebrate) with elicita-

tion of flexor withdrawal causes the opposite forelimb

and ipsilateral hind limb to extend while the other

hind leg flexes (237). If alternate flexion and ex-

tension are imposed on the forelimbs, stepping of the

hindquarters in appropriate diagonal sequence may
occur even in the bilaterally deafFerented hind limbs

(252). It is surprising that group I afferents from

muscles of the forearm are apparently not concerned

in causing extension of the ipsilateral hind limb and

that electrical stimulation only of group III or

smaller fibers causes such extension (178). This is a

poignant reminder that little is yet known of the

physiological role of the smaller afferents in muscle.

Inconsistent with this general pattern of response

obtained upon electrical stimulation of forelimb

nerves is inhibition of the flexor longus digitorum

muscle of the hind limb during stimulation of group

II muscular or cutaneous afferents from extreme

distal portions of the forelimbs (178). This inhibition

of a single physiological extensor in a generally

extending limb has presumably the purpose of pre-

venting protrusion of the claws. It, interestingly, is

mediated by rather direct connections, the inhibition

of the monosynaptic response of the flexor digitorum

motoneurons appearing as briefly as 2.5 msec, after

stimulation of a brachial trunk (178).

Reflexes of locomotor significance also exist be-

tween companion limbs. Passive or reflex flexion of

one hind leg, for example, causes crossed extension

of the opposite one in the cat and dog (212, 213)

and also in man (130, 228) and, conversely, passive

extension of the contralateral thigh leads to crossed

flexion of the hip (241). Even within a single limb

the afferent influx from individual contracting

muscles favors locomotor patterns. Contraction of

the cat hamstring muscles, for instance, induced by

stimulation of the appropriate ventral root, causes

prompt inhibition of decerebrate or crossed extensor

tonus in tlie vastocrureus, which has its motor out-

flow at a different spinal level (41). Reciprocal con-

traction of flexors and extensors is, of course, basic to

locomotion (122, 240, 244), although this does not

mean that augmentation and diminution of contrac-

tion may not proceed concurrently in antagonistic

muscles during portions of the walking cycle (221).

Such graded restraint by the relaxing muscles makes

movements smoother (122).

The importance of cutaneous receptors in induc-

tion of locomotion is probably secondary. The eel,

completely de\oid of skin, still can swim (ggj; pigeons

(34) or cats (30) in which nerves are severed at the

ankle display only a trace of abnormality in their

gaits; and, as is well known, the spinal dog steps

more readily when held aloft than when its feet are

in contact with the ground (30). The dog may even

cease stepping bilaterally upon touching one foot to

a supporting surface (240). On the other hand, the

monkey which is deprived of cutaneous sensation at

the apex of an extremity shows disproportionate lo.ss

of u.se of that extremity, while he suffers little dis-

ability if, by section of selected dorsal roots, cutaneous

sensation is spared but muscles deafterented (203,

26=,).

Pcrlndicitv of Locnmntion

The intriguing question has been raised as to

whether the periodic pattern characteristic of progres-

sion derives ultimately from an oscillation autoch-

thonous to the central nervous pathways (266, 274)

or requires for its generation reverberating circuits

through participating muscles or limbs (100, 172,

173). That supraspinal structures may not be req-

uisite for rhythmic patterns is evident from the

stepping of the decapitate cat (240) and the chronic

spinal dog (49, 193) or, more spectacularly, from the

independent and spontaneous rhythms of the two

cord segments of the dogfish in which the cord has

been transected at two levels. Various central phe-

nomena, such as rebound, accommodation and

reciprocal action between motor centers, no doubt

contribute to the production of rhythmicity but do

not of themselves indicate whether it is fundamentally

central or peripheral. C^ertain spontaneous rhythmic

variations in pyramidal tract discharges (277) or in

monosynaptic refle.x responses (183, 184) do not

seem to bear any simple relation to locomotion.

LOCAL .\FFERE.\TS AND RHYTHMICITY. A peripheral

basis for reciprocating contraction lies in the chang-

ing composition of afferent inflow arising in any

muscle which is allowed to contract against yielding

resistance. During flexion of the leg, for example.
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the discharge from annulospiral cnduigs in the pas-

sively extending tliigh muscles is increased, with

resultant growing facilitation of the same and syn-

ergistic muscles and suppression of flexors. Extensor

contractions finally appear. Then, as thigh extensors

actively shorten, endings in the spindles Ijecome un-

loaded while the discharge from tendon organs

increases, thus weakening the extensor contraction

and setting the stage for the next cycle. Hence, in

theory (and neglecting an active role of gamma
efferents) might be explained the reciprocating

contractions of a pair of opposing muscles in an

otherwise denervated leg (30, 32, 243). Not only

would such swings in composition of afferent inflow

favor alternation at the spinal level, but cerebral

{83, 271) and cerebellar (147) cortices would be

predisposed toward movement of the opposite sign,

a net result which has been referred to as a 'reversal

effect' (43).

DIST.\NT .AFFERENTS AND RHYTHMICITY. Local cirCuitS

are not essential for repetitive movements as these

can occur in deafferented whole limbs or single

muscles (13, 31, 170). In elicitation of the scratch

reflex, for example, irritation of a small skin focus

over the shoulder of the dog may call into rhythmic

play some 19 muscles of the hind limb despite the

absence of all dorsal roots to the extremity (245).

Also, the deafferented hind leg of the cat may par-

ticipate fairly effectively in progression under the

changing excitement of influences from other moving

parts (252).

In the toad a diagonal pattern of leg placement

characteristic of normal walking is retained if one,

two or even all four extremities are deafferented

(274). In fact, vestiges of diagonal progression re-

iTiain so long as the dorsal and ventral roots of any

one segment are intact, even though this innervates

anal regions (loi). Deafferentation of this last seg-

ment abolishes the diagonally coordinated movement.

From this and experiments on other forms. Gray &
Lissman have come to the view that an external

circuit must be intact for the appearance of periodic

movements of progression. Others using tadpoles

(274) or teleosts (266) deny such dependence. Cer-

tainly in mammals comprehensive deafferentation

prohibits rhythmic inovements except under extreme

conditions, such as cutting or electrically stimulating

the spinal cord (31, 32). Pollock & Davis (219), for

instance, prepared chronic cats in which the first 18

to 23 pairs of dorsal roots were severed and which

terminally were subjected to decerebration and to

severance of the cord beneath the last deafferented

segments. No movements were seen in the upper

part of the body, whereas the hind limbs promptly

exhibited stepping. In. mammals even more re-

stricted deafferentation can impair participation iiy

an extremity in locomotion. If the cat foreleg is

deafferented, its efforts in progression are feeble and

quick to fatigue (163); and any extremity of the

monkey is sexerely incapacitated by deafferentation,

although 'associated movements" may persist (162,

163, 203). That the residual progressive movements

remaining in deafferented limbs result from sensory

barrages elsewhere is indicated by the fact that, if

the sound limbs are prevented from moving, the

operated leg is incapable of movement even if the

animal is enraged, as Sprong (252) demonstrated

for the cat. This would, incidentally, point to joint

receptors as the sensory terminals concerned, for

muscle and tendon receptors would be markedly

affected in the restrained leg. Patients, in contrast,

may exhibit associated movements with contractions

of sound extremities in which there is no actual ex-

cursion, as in the handclasp (269).

B.-\CKGROUND FACILITATION .AND RHYTHMICITY. Al-

though the puppy which has undergone .section of

the thoracic spinal cord in the early days following

birth is said to be capable of walking, turning, climb-

ing and even jumping (246), the hindquarters of the

puppy (263) or monkey (264) which are isolated from

suprasegmental influences and additionally deaf-

ferented evince no overt spontaneous activity. The
suspended spinal dogfish, a preparation which ex-

hibits tireless swimming activity, is still spontaneously

active if one half its dorsal roots are cut, capable of

short-lived rhythmic movement upon stimulation if

onlv one pair of sensory roots remains, but utterly

quiescent if all 65 roots are cut (104, 173). These

results and the arguments of the last section appear

to refute the idea that the rhythmic activity charac-

teristic of progression arises in the cord. However,

such experiments are not conclusive, as the back-

ground of facilitatory nervous activity is also re-

duced. The progre.s.sion of chronically deafferented

toads, for example, is more sluggish and easily fa-

tigued the greater the extent of deafferentation (100,

274). Furthermore, the relationship is not linear as

the effect of cutting the dorsal roots to all limbs is

markedly greater than one would expect by simply

adding the effects of separate fore- and hind-limb

deafferentation (100, 274). Under these circum-

stances it is conceivable that a locomotor pattern of
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activity is still present centrally but is incapable of

overt expression. Such hidden events in mammalian

gamma efferent circuits during complete absence of

alpha activity are commonplace (57). Rhythmic

alternation in ventral roots of positive and negative

slow potentials, which are usually associated with

extensor and flexor responses, respectively, have

been observed in deafferented lumbosacral segments

in the absence of contractions (13, 14).

Gray & Lissman (100) would seem to have over-

come the above objection. As mentioned already,

they found that the toad left with intact dorsal roots

to only one of its limbs was capable of feeble but

coordinate ambulation in all limbs. If then further

roots were sectioned, this time the ventral roots

to the limb with intact aflferents, no progressional

movements were elicitable. Conversely, if three

limbs were de-efferented without disturbing the

afferents, while in the fourth limb dorsal roots alone

were cut, only monophasic movements of retraction

were obtainable (loi). These observations seem to

prove for this animal the experimenters' thesis that

the reciprocating movements of diagonal progression

are initiated and paced by a reverberating circuit

between the extremity and tiic cord.

RHYTHMICITY AND NEURAL BALANCE. Not ail loco-

motor movements are abolished in the toad in which

all dorsal roots are cut, for the hind legs may still

engage in symmetrical swimming movements (100)

which disappear only following destruction of the

labyrinths (103). Both diagonal and symmetrical

progression patterns are apparently intrinsic to the

mammalian cord also, the symmetrical pattern being

more resistant as it alone may remain during early

recovery from cord transection (32, 193), asphyxia

(32), alcohol intoxication or aeroneurosis in man

(130). The rabbit is instructive in this respect for

the intact or thalamic animal has hopping progres-

sion but, after spinalization, stepping, marking time

and crossed extension reflexes are prominent (164).

This and the deaflferentation experiments upon

toads suggest that strong and symmetrical supraspinal

influences mask inequities in the effects of afferents

entering from the two sides at the spinal level. In

accord with this, elimination of the powerful laby-

rinthine influence increases markedly the incidence

of running in the decerebrate cat (217).

Probably of decisive importance in determining

whether symmetrical or diagonal coordination will

prevail is the degree of balance that is struck be-

tween influences impinging upon the two sides. The

decerebrate cat, in which stimulation of sensors-

nerves (30, 243) or cord surfaces on the two sides

(245) is carefully equated, may gallop, although

usually an unbalanced state of 'double reciprocal

innervation' oljtains and stepping emerges (242).

Such nicety of balance may be unobtainable in the

whole animal; thus, it was found impossible to ad-

just the toad hind limbs on a drum .so that rotation

of the drum caused other than alternate replacement

of the limbs (102).

Many observations indicate the necessity of a near

balance between flexor and extensor influences for

the appearance of alternating movements (43). In-

duction of stepping in a leg or pair of antagonistic

muscles by stimulation of two sensory nerves of op-

posing effect (31, 66), or by matching a flexor reflex

against a background of extensor rigidity, requires a

certain optimal intensity of stimulation (14, 31, 66).

The decerebrate cat, while recovering from the ether,

shows running actions which, with the onset of ex-

tensor rigidity, are occluded. Similarly, the decere-

brate alligator when provoked to movement has

initiallv sufficient balance between flexor and ex-

tensor groups to permit progression, but the stimula-

tion of walking itself disturbs this balance and after

a few steps, the animal halts in extreme extension,

unable to progress further (5). The worsening of

progression in the spastic patient when very active

is perhaps a comparable phenomenon.

In a similar vein, but of greater functional interest,

is the observation that, while in the labyrinthec-

tomized and anemically decerebrate cat ventroflex-

ion of the head elicits strong forelimb flexion and

dorsiflexion of the head brings on extension, an

intermediate position sponsors rhythmic movements

of the forearms (217). This intermediate po.se is, of

course, that in wiiich the walking animal naturally

carries his head.

It is in regard to tiie lialance of flexor and extensor

influences that a guess may be made as to one func-

tion of flower-spray endings. At low tensions of

muscle, annulospiral endings are proportionately

more active than flower-spray afferents, so that

relatively pure facilitation occurs and some degree

of antigravity tone is produced unopposed. At higher

stretches flower-spray discharges enter and a flexor

influence arises. Thus, a neural balance in the af-

ferent discharge impinging on the homon\ mous

motoneurons is set up which other incident influences

may easily send into rhythmic activity. Tendon

organs, the discharge of whicii appears at even

hiarher tensions, mav serve the somewhat different
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purpose of modulating the excursion ol the muscle

and so protect it against strains.

It is not readily apparent how rhythmic alterna-

tions are engendered under flexor and extensor

influences of unvarying potency as, for example,

under simultaneous and steady stimulation of skin

nerves of contrasting effect. Perhaps the alternation

arises through a difference in accommodation of the

two central pathways. Flexor motoneurons, at least

in the decerebrate preparation, fire easily to single-

shock stimulation of appropriate nerves, but their

discharge dies out quickly and cannot be driven at

rapid frequencies (3, 74). Extensor neurons, on the

other hand, are facilitated and sustained Ijy repeti-

tive afferent stimulation. Thvis, under constant

afferent inflow, flexor acti\'ity would be favored

initially, the balance of effect then turning to ex-

tensor activity. Final reversal of the cvcle might then

appear through long-term accommodation of the

extensor pathway, aided by shifts in composition of

the afferent inflow.

Additional Effects of Afferents

upon Locomotion

DE.\FFERENT.\TION ON PRECISION OF .MOVE.VIENTS.

DeafTerentation produces defects in locomotion which

are .separate from those resulting from loss of sup-

porting tone or impaired rhythmicity. The cat with

a chronically deafferented hind limb can use the leg

effectively in walking althou<>h with some abbrevia-

tion of the weight bearing phase of the step (252).

When running, the alisence of myotatic reflexes in

that leg becomes less important relative to the deluge

of impulses from remote moving parts, and the limp

may be unnoticeable. However, the leg oversteps

and, in general, participates more vigorously than

on the intact side (252). This is to be expected as,

in the deafferented hind limb of a cat, segmental

reactions including stepping (243) are markedly

more abrupt in onset, decline and total excursion

than those of the intact limb (217, 223, 237, 241,

252). Among factors which may contribute to this

hyperreflexia are : a) the loss for the actively contract-

ing muscle of inhibitory effects from tendon organs,

whereas loss of facilitatory effect from these tension-

sensitive organs in the passively tensing antagonist

would be much less (6) ; b) the absence, on one hand,

of 'unloading' of spindles in actively shortening

muscle and, on the other hand, of augmenting dis-

charge from the passively extending antagonist,

both actions which, from a consideration of annulo-

spiral effects, tend to restrain alpha activation; and
() the absence of dampening contractile tone. Modu-
lation by the cerebellum and other higher central

structures, which is dependent upon sensory informa-

tion, of course, is also lacking. Lastly, caution should

be exercised in ascribing hyperactivity in the chroni-

cally prepared limb directly to loss of neuronal

circuits, for neurons deprived of afferent inflow

become sensitized (257).

Coupled with the hypermetria of the deafferented

hind leg of the cat is a lack of precision and correc-

tive ability in placing the foot. Stalking along the

rungs of a ladder becomes impossible, and in walking

the cat often steps on the dorsum of the paw (163,

252, 262). In part, this malpositioning of the foot

may be a consequence of the fact that muscles about

the ankle and foot participate less completely in

postural tone than more proximal mu.scles (19, 203,

217, 226, 237), a provision which permits the paw to

adjust to inequalities of the ground by more local

reflexes. Movements appropriate to such function,

for example, are demonstrable in the foot of the

paraplegic patient which, if stroked on the outer

side of the plantar surface, may evert; if on the inner

side, invert (228). In part, also, improper use of the

foot may result from loss of less localized "placing

reactions.' In either case deficits in placing the foot

result as well from local deafferentation below the

ankle as from cutting all dorsal roots to the limb,

as shown in the forepaws and hind paws of cats and

dogs by Sherrington (241).

EFFECT OF .AFFERENT INFLOW ON MODE OF PROGRES-

SION. The mode of progression of an animal is some-

times dependent on the nature of the afferent inflow

entering at segmental levels. Toads, for instance,

when floating freely, exhibit .swimming movements

exclusively. When one foot encounters resistance,

however, the leg stiffens in a 'retractor extensor

response' and other limbs move into a pattern of

diagonal progression (102). The same toad placed

upon moist ground engages in burrowing, a reaction

which is lost following deafferentation of the legs

(274). Even visceroceptors may influence locomo-

tion, for in the carp discharges from the swiin bladder

affect the set and stroke of the pectoral fins (149).

Brain and Locomotion

Aniinals vary greatly in their ability to maintain

locomotory movements after the spinal cord is cut

(212). Chronic spinal tadpoles are incapable of
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spontaneous translatory movements even when the

cord is cut before hatching (270). Spinal dogfish, on

the other hand, exhibit tireless spontaneous swim-

ming, although similar preparations of eels or other

teleosts are quiet unless prodded (166, 172). Cats,

dogs and rabbits with cervical cord transections ex-

hibit spontaneous running, although no complete

progression (240). Effective stepping of the adult

cat hindquarters, however, may be obtained even in

the absence of cues from the forelimbs, providing

the cord has been transected at an early age and

physiotherapeutic care is given (246). Monkeys

demonstrate alternating reflexes only in the tail

(236); and in spinal man, stepping is not found in

the presumably favorable period of 'neural balance'

between early flexor and later extensor rigidity (158,

227). It is evident that in most vertebrates contribu-

tions from supraspinal levels are essential for effec-

tive progression and, in some, even for production

of the alternating rhythms basic to progression.

The cat, in which the brain stem is cut so as to

leave only the medulla in continuity with the cord,

has flaccid muscles and little spontaneous activity

(258). Tone, on the other hand, is prominent but

movements are in abeyance when the section just

spares Deiter's nucleus and portions of the facilita-

tory reticular formation (164, 240, 258). When the

decerebration is made yet more rostralward, as by

rendering anemic parts of the brain anterior to a

plane passing behind the red nucleus extensor,

muscular tone although subject to exacerbations is

often more nearly normal and then may be inter-

rupted b\' fits of running (217). Lastly, when the

section passes rostral to the superior coUiculi and

down to the optic chiasma so as to spare the red

nuclei, subthalamus and portions of the hypothala-

mus, the cat can rise to its feet and walk normally

along a straight line with the body well-supported

and coordinated (164, 220). Particularly if the ani-

mal is young, these movements may not be distin-

guishable from those of an unoperated animal of the

same age (280). When, however, such a cat en-

counters an obstruction, it acts like an automaton,

the head remaining pressed against the obstacle while

the legs continue to walk (164). Thus, reflex inecha-

nisms of progression are essentially complete, but

l)ehavioral defects are prominent.

The question arises whether the lack of locomotory

movements in the classic decerebrate or in the

medullospinal animal is a result of the supraspinal

influences throwing the 'neural lialance' between

flexor and extensor tendencies too far off to permit

alternating activity in the motor pools to develop.

Certainly in adult cats progressive movements seem

to be lost when, upon successive removal of higher

brain structures, rigidity first appears (164, 196);

and in chronic decerebrate cats running reappears as

the hyperextension diminishes (170). Progressive

activity is plentiful in the decerebrated puppy,

kitten (102, 280) or rabbit (102, 159), preparations

in which rigidity is inconspicuous. Furthermore, the

opossum, which has perhaps less encephalization of

locomotory functions, is capable of well-coordinated

progression, despite the presence of concurrent

rigidity produced by a section just anterior to the

inferior coUiculi (273). These observations suggest

that the brain stem may itself produce rhythmic

activity as distinct from merely impressing extensor

and flexor influences of constant tenor upon intrinsic

rhythmic mechanisms of the cord. Related, but not

conclusive, evidence on this point is the finding that

single-shock stimulation of the medulla may arouse

rhythmic acti\ity in the deafferented lumbosacral

cord (13).

Progressive activity of the hind limbs is more in-

dependent of cephalic control than is that of the

forelimbs (239, 240). The rabbit with a low brain-

stem transection, for example, will upon stimulation

of an intercostal nerve exhibit bilateral movements

of the hind legs in complete absence of effects on

the forelimbs (164). Similarly, no amount of goading

can make the forelimbs step in a pontine cat, al-

though the hindcjuarters do so readily (igo).

Tied in closely with the question of reflex capacity

for effective locomotion are certain facilitatory rela-

tions of the cortex to movement. The thalamic cat,

although capable of essentially normal progression,

appears reluctant to move and remains in a normal

sitting posture for long periods. In monkeys, basic

motor performance is more dependent upon higher

centers and thalamic animals seem incapable of

progression; a mere loathing to move in the presence

of ability for locomotion appears, however, following

extirpation of certain cortical areas (211). Cortical

lesions impair the ability of rats (27), rabbits (28),

cats (8), dogs (283) and monkeys (211) to place the

extremities properly upon supporting surfaces in

response to tactile stimulation (placing reaction) or

to make corrective hops when body balance is im-

periled (hopping reaction). To some degree this

loss may result from absence of such facilitatory

influence rather than a loss of an essential site of

integration of these reactions. Placing of a sort, for
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instance, is said to be demonstrable in the pontine

cat under amphetamine administration (190), and

in the hind legs of cats spinalized at a very earlv

age (246). In the opossum where cortical concern

with posture is less developed, hopping reactions are

still retained to some extent after decerebration (26).
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Peiiiaps the most strikinu; feature of eye movements is

the extent to which they are under the control of

tlie higliesl centers of tire nervous system. Corre-

spondingly we find little or no local reflex activity;

however, close relations exist with the balancing

mechanisms of the head and with the very complex
mechanisms by which retinal stimuli in particular,

and many other stimuli to some extent, can give rise

to precise and appropriate eye movement.

Much of the physiology of the mammalian limb

muscles has been worked out on the cat, but to con-

fine the work on eye muscles to the study of a limited

series of the more usual laboratory animals has in

the past sometimes proved not only unhelpful, but

misleading. A much wider comparati\e studv of

these cranial muscles reveals species diflTerences that

are often of great value in iielping to elucidate the

main problems. The four recti and two obliques are

found in all vertebrates from fish to man, but the

degree of eye movement they are called on to bring

about varies enormously. For work on the eye

muscles sheep and goats have recently proved to be

valuable (36) for these animals possess many typical

sensory endings, i.e. muscle spindles, in their eye

muscles (31) and they also have discrete sensory

nerve trunks leasing these luuscles (146, 150, 151).

THE MOVEMENT OF THE EYES is brought about by the

extraocular muscles. These movements are extremely

rapid and the eye muscles are much the most rapidly

acting in the body. Correspondingly we find a series

of anatomical and physiological specializations by

which this speed of movement is attained. Their

movements are not only very quick but also very

precise. Again we find anatomical and physiological

mechanisms adapted for precision of movement.

AN.^TOMICAL CONSIDERATIONS

The anatomy of human eye muscles has been ade-

quately described elsewhere (60, 145). Their actions

are given in detail in most textbooks of ophthal-

mology, while textbooks of physiological optics deal

with the nature of the movements in secondary and

tertiary positions. Their comparative anatomy has

been described by Duke-Elder (60) and by WolfT
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(153) and only special points will he mentioned here.

The insertions of the muscles are near the equator

of the eyeball in man and the primates where there

is considerable eve movement, in other mammals the

insertions may be much closer to the cornea and in

birds they are nearer the optic nerve. In some ani-

mals, particularly the ungulates, the superior oblique

muscle is fleshy throughout its course, it passes

through a wide trochlea and the muscle fibers ex-

tend almost to the insertion; in birds this peripheral

portion forms the whole muscle which has its origin

just dorsal to the origin of the inferior oblique. The

sixth nerve innervates the lateral rectus muscle, but

numerous mammals ha\'e a cone or slips of a retractor

bulbi muscle inserted behind the equator of the eye-

ball and al.so innersated by this nerve. The muscle

pulls the eye back into the orbit and this activity is

apt to be overlooked by physiologists working in this

region. It can be seen \ery clearly in carnivores and

ungulates when the recti are cut. In birds the quad-

ratus and pyramidalis, also innervated by the sixth

nerve, are attached in a similar position and serve to

draw back the nictitatins; membrane. In some fishes

the lateral rectus has the peculiarity of having its

origin in the neck.

Muscle Fibers

The fibers of human eye muscles vary from 10 to

50 M in diameter (141, 152) and they run the whole

length of the muscles. The fibers are somewhat

smaller in the cat (7 to 35 m) and monkey (5 to

40 /i) (44). In the goat they are 10 to 85 ii. Fibers of

large diameter tend to be collected together forming

a central core in the muscles, while fibers of small

diameter form an outer coat, especially at the lateral

edges and on the surface away from the eyeball.

This arrangement is particularly striking in human
and inonkey material and is seen also to a lesser ex-

tent in the cat and goat (42).

Motor End Plates

In man there is a conspicuous compact band of

motor end plates at the junction of the proximal and

middle third of a rectus luuscle (33). One of these

end plates is illustrated in Daniel (48). The motor

end plate band is also conspicuous in the monkey,

but the end plates are more widely scattered in the

cat and goat. Other typical motor endings are found

in the outer coat of fine muscle fibers. Thev often

consist of a single small motor end plate at tlie end

of a fine nerve fiber.

Miiiilf Sftindles and Other Receptors

The afferent endings in liml) muscles are the

muscle spindles, tendon organs and some fine naked

endings. In the eye muscles every part of the muscle

is richly supplied with nerve fibers, and in most

species, apart from the main motor end plates, the

endings are not typical, nor has it so far proved pos-

sible to cut a purely motor nerve to the muscles so as

to leave the sensor\- endings intact. Thus much con-

fusion has arisen about the sensory endings, the

literature on which is surveyed by Tiegs {135). AH
the luammalian eye muscles examined by silver and

gold impregnation or methylene blue techniques

show a rich innervation of both origin and insertion

tendons, with small nonencapsulated tendon endings

near the musculotendinous junctions (33, 42, 136).

Muscle spindles in the eye muscles were first seen by

Cre\-atin in the ox (45). Cilimbaris (31) gives a de-

tailed description of them in the sheep; he also

counted them, finding over 200 spindles in a single

inferior rectus muscle. Cooper et al. (36) found about

120 in a goat inferior oblique muscle. It is now clear

that typical muscle spindles are very numerous and

universally found in the eye muscles of the artio-

dactyl branch of the ungulates. Their presence in

man was denied for many years, but search through

serial sections sliowed them to be present in con-

siderable nuiubers (up to 50) in the proximal third of

all the muscles, with a few scattered ones peripheral

to the band of motor end plates (33, 106). Spindles

were also found in the chimpanzee, but not in the

monkey (33).

The muscle spindles in human eye muscles (fig. i)

have a \ery thin connective tissue capsule; they lie

near the outer coat of small diameter muscle fibers

so that the intrafusal muscle fibers are only a little

smaller than the adjacent extrafusal fibers. The

intrafusal muscle fibers have some central nuclei,

but so far no nuclear bags have been seen. They

recall the smaller intrafusal fibers seen in the tenu-

issimus spindle of the cat (20) and in the lumbrical

spindles of man (34).

In the eye muscles of man, some of the larger

nerve fibers take several spiral turns round large

muscle fibers, in the core of the muscle just distal

to the luotor endings, and then end on these fibers

(48). Occasional nerve fibers have been seen en-
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FIG. I . Longitudinal section through a human inferior rectus

oculi muscle. A muscle spindle is seen crossing the field from

top to bottom. The delicate capsule of this spindle is torpedo-

shaped and encloses at least two intrafusal muscle fibers. These

are of smaller diameter than the adjacent extrafusal muscle

fibers and are separated from the capsule by the periaxial space.

A small nerve trunk is seen at the upper right pari of the field.

This runs down to enter the spindle almost at its mid-point. A
capillary runs along just inside the capsule on the left. Paraffin

section; Masson's trichrome stain. [From Cooper & Daniel

(33)-]

tion potentials and not to contracture (24). This

effect persists in tlie eye muscles in vitro (69). It is

not known whether the large and small muscle fibers

behave differently in this^ respect. Skeletal muscles on

the other hand only contract with close arterial in-

jection of acetylcholine.

Motor Units in Eye Muscles

The very rich nerve supply to these small muscles

suggests a small motor unit, i.e. with a low ratio of

motor nerve fibers to muscle fibers. Counts of the

nerve fibers supplying the eye muscles and of the

muscle fibers were made for human extraocular

muscles by Bors (18) who obtained ratios varying

from 1:4 to 1:7. His nerve totals appear low, judg-

ing by counts made by other observers (16) but, as

he takes no account of possible sen.sory fibers, 1:6

may be about the size of a human eye muscle unit;

a motor fiber can often be seen to divide into a little

cluster of 4 to 6 end plates on neighboring muscle

fibers. A count of nerve and muscle fibers was made
for sheep eye muscles by Tergast (133). He pre-

sumably counted the nerve fibers in the main nerves

to the muscles and did not include the separate

sensory trunks (see below). Thus in all the muscle

nerves except that to the inferior oblique he would

be counting mainly motor fibers and his ratios of i :6

to 1:10 may give the size of the motor unit in these

animals. His lower ratio of 1:3 or 4 for the inferior

oblique may well be explained by the fact that the

main nerve to this muscle is now known to be a

mixed nerve until verv close to the muscle.

circling muscle fibers in the cat (42, iio). Accessory

nerve fibers given off from fibers going to motor end

plates are described in the rabbit (81, 154). These

fibers may run for some distance along a muscle fiber

giving off fine endings at intervals. Other nerve

fibers, which show no connection with the motor

fibers, also run along the small muscle fibers giving

off twigs to fine endings at intervals (81, 148). Some
of these fibers are probably sensory, but those linked

with the main motor supply must be motor and they

may form a device for shortening the rising time

of the muscle twitch.

No detailed analysis of the behavior of the nerve

muscle junction in the eye muscles has yet been

made. Such analysis might prove interesting as these

muscles have the property of contracting in response

to acetvlcholine, a contraction due to hursts of ac-

Nerve Fiber Size

In assessing the sizes of ner\e fillers supplying a

muscle, consideration must be given to the age of

the animal and the amount of shrinkage due to the

technical methods used by the author. Old and

young animals tend to have a unimodal distribution

of fiber sizes (118). Distribution curves for the nerve

fibers to extraocular muscles of adult inan are given

by Bjorkman & Wohlfart (16) for nerve trunks near

the brain and by Rexed (118) near the muscles. A
bimodal distribution is described with maxima at 4 to

5 /i and 9 to 10 /i, the largest fibers being about 13 ix

(16); but the maxima are not obvious. Bjorkman &
Wohlfart also give figures for the sixth nerve in the

cat, dog, cow and sheep. Rexed gives them for the

fourth nerve in the rabbit and Fernand & Young
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(63) for muscle iDranches of the third nerve in the

raljhit. In the young goat the fourth nerve, where it

is mainly motor, shows a fiber range of 2 to 18 /i

with maxima at 6 /i and at 12 /i. In the small trunks

of purely or mainly afferent fibers the range is from

2 to 14 M, with a unimodal distribution and a maxi-

mum at 8 /:x (Donaldson, G. K., unpublished obser-

vations). The numerous larger fibers in the motor

nerve may be accounted for by the numer of fibers

needed to supply the large number of motor units,

since the motor unit is so small. The number of

spindles in the muscles leads one to expect that the

elevation with a maximum at 6 /li consists of small

gamma efferent fibers. As in the limb muscles, one of

these nerve fibers supplies several spindles, and at

least three motor fibers supply each spindle (147J.

fibers can probably respond by increased tension to

the highest frequency of discharge of which moto-

neurons are capable. According to Bjork &
Kiigelberg (15), there is a considerable resting dis-

charge in all the eye muscles of man with the eye in

the mid position. During slow movement as one

muscle contracts the motor discharge in its antag-

onist decreases, to reach its minimum at the extreme

of movement. During rapid movement the antagonist

muscle relaxes completely at the onset of the move-

ment (13). There is no definite evidence of 'checking'

action to halt a movement. In paresis the rate of dis-

charge of sur\i\ing units may be as high as 200 per

sec. (15).

AFFERENT DISCH.\RGES FROM EYE MUSCLES

TIME REL.^TIONS IN EYE MUSCLES

In cat eye muscles the single twitch takes aljout 7

msec, to reach its peak and 15 to 20 msec, to subside.

In the goat it reaches its peak in 9 msec, and takes

about 40 msec, to relax. The twitch tension is about

9 gm for the medial rectus in the cat and about 50

gm for the inferior oblique in the goat. The maxi-

mal tension in tetanus is 1 00 gm in the cat and ap-

proximately 250 gm in the goat (36, 41 ). The tetanus

tension ratio for the cat is 1:10, much higher than

for skeletal muscles. This is to be expected in view

of the short twitch duration. The frequency of stimu-

lation required for complete fusion in the cat is 350

impulses per sec. (41). In the goat 250 impulses per

sec. gave almost complete fusion.

The first measurements of the natural rate of

motor unit discharge in eye muscles were made by

Reid (117). In view of their high fusion frequency,

units were expected to discharge at much higher

rates than the 20 to 50 per sec. found in skeletal

muscles by Adrian & Bronk (i). Reid (117) found

rates up to 160 per sec. in cats and goats. Similar

rates were found in human eye muscles by Bjork &
Kiigelberg (14) and in bird eye muscles by Sommer
& VVhitteridge (127J. It is interesting that ocular

motoneurons may not possess recurrent collaterals

which in the case of spinal motoneurons are dis-

tributed to the Renshaw cells (115). It is believed

that the Renshaw cells provide a mechanism which

limits the rate of discharge of motoneurons, pre-

sumably to some value near the fusion frequency of

skeletal inuscles (61). In the eye muscles the muscle

Afferent discharges from the eye muscles of the

dog were reported by Cardin & Rigotti (28). Similar

di.scharges were recorded in fibers of the third ner\e

coming from the inferior oblique muscle in the goat

(36), and these latter studies were continued by lead-

ing from single fibers in the separate afferent nerve

trunks (35, 146), often with the motor nerx-es intact.

The response to passive stretch of the muscle is

similar to that given by the A endings in limb muscles

described by Matthews (102), and in each case a

inuscle spindle ending was considered to be the unit

giving the discharge. Such a response appears in

figure 2. The discharge shows considerable irregu-

larity while the motor nerve is intact but great

regularity after it is cut. This may be due either to

discharge in neighboring extrafusal fibers or more

probably to contraction of intrafusal muscle fibers.

A twitch elicited by stimulation of the motor nerve

causes a pause in the discharge rate during contrac-

tion, often followed by a burst of impulses in relaxa-

tion. There is sometimes an early single impulse due

to electrical or mechanical events at the onset of

contraction (cf 93). When the motor nerve is intact,

identification of the effects of the intrafusal fibers is

made difficult by the continuous background dis-

charge of a motoneurons under most conditions. If,

however, the motor nerve is split up, it is possible to

obtain a slip, nerve stimulation of whicli gixes no

mechanical contraction, but produces a large in-

crease in the discharge of afferent fibers from a

spindle. Stimulation of this gamma motor fiber by

10 stimuli in 5 to 10 msec, gives a burst of afferent

impulses of up to 350 impulses per sec. Stimulation
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FIG. 2. Action potentials of an

afferent fiber from a muscle spin-

dle in the superior oblique of the

goat. A. Effect of pulling on its

tendon : upper record, time in J -j

and Vioo sec. ; middle record, signals

of active stretch; lower record,

action potentials in one large

and several small fibers. B. Effect

of stimulating the nerve supply to

the intrafusal muscle fiber: upper

record, tension (calibration, 5 gm)

;

middle record, 50 cycle time

marker, tower record, action poten-

tials from a single muscle spindle;

arrow marks the stimulus arte-

facts. [From Whitteridge, unpub-

lished observations.]

of the gamma efferent at aljout 100 impulses per sec.

may increase the sensitivity of a spindle receptor to

stretcli by a factor of 7 to 8 (147).

Single unit discharges hav'e also been recorded in

fibers from cat and monkey eye muscles (42). The
discharges during passive stretch resemble those

from muscle spindles and give proof of low threshold

stretch receptors in these muscles. Technical diffi-

culties prevented observation of the effect of a motor

twitch on these discharges.

Responses from tendon endings in goat eye muscles

have also been recorded (35). Their discharge is

similar to that of the B endings described by

Matthews (102). They discharge, often with an in-

creased burst of impulses, during the rising phase of

a muscle twitch. Their threshold to stretch may not

be higher than that of muscle spindle endings, but

their response to rate of change of stretch is com-

paratively slight. During steady stretch the dis-

charge is regular both when the motor nerve is intact

and when it is cut.

Afferent Paths From Eye Muscles

It is now well established that the eye muscles can

send afferent discharges to the brain (40) and it is of

interest to know the pathway taken by such dis-

charges. Reference has already i:)een made to the

special afferent nerve trunks froin the eye muscles in

sheep and goats (fig. 3). These were first seen by

Winckler (149-151) who found that they ran from

the muscles to the ophthalmic or rarely to the maxil-

lary division of the fifth nerve in various ungulates.

go.

FIG. 3. The orbit of the goat seen from above to show the

afferent branches. //, optic nerve; IV, trochlear nerve; V, part

of ophthalmic division of trigeminal nerve; r, levator palpebrae;

d.s., rectus superior; g.o., superior oblique; n, branches of the

nasociliary ner\'e. [From W'inckler (151).]

The work was confinned and extended to other

ungulates, birds and reptiles by Kiss (91). These

trunks are usually completely separate from the

motor nerves but in a few instances join the motor
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nerve for a short part of its course. The main nerve

from the inferior obhque muscle starts by being

mixed, but a branch to the fifth ner\e leaves the

motor nerve as it winds round tiie lateral edge of the

inferior rectus. The proximal afferent branch from

the superior oijlique runs with the fourth nerve for a

short distance before leaving to run with other,

usually three, branches from the more distal parts of

the muscle to the fifth ner\e. A few \ery fine branches

have occasionally been .seen in the orbit of the cat

running from the fourth nerve to the fifth (148);

Cooper, as reported in Cooper et al. (40), was able

to lead from such a branch and obtained a sustained

discharge in response to stretching the superior

oblique muscle. Connections between the eye muscle

nerves and the fifth nerve are more commonly seen

in the cavernous sinus. They were reported in man
and described by Stibbe (129); they have also been

seen by Cooper (unpublished observations) in a

number of animals.

So far no unequivocal afferent discharge has been

detected in the intracranial portions of the third and

fourth nerves, either in the goat (Daniel &
Whitteridge, unpublished observations) or in the

cat (Cooper, unpublished oljservations), although

those nerves certainly contained excitable motor

fibers while the existence of afferent fibers was being

tested. One might conclude that afferent fibers in

the goat and cat which may enter the central nervous

system i)y the motor nerves, if they exist at all, must

be of very small diameter; but the question is by no

means settled. Fine degenerating fibers in the medial

rectus of the monkey found by Tozer & Sherrington

(136) after section of the ophthalmic branch of the

fifth nerve are almost certainly due to afierent fibers

which leave the third nerve trunk to reach the fifth

nerve. On the other hand Tozer & Sherrington in-

ferred that the majority of afferent fibers from the

eye muscles run into the central nervous system by

the motor nerves, in view of the persistence without

degeneration of large numbers of fibers which run to

the musculotendinous junction and seem to be af-

ferent in nature. It is just possible that these fibers in

fact reach the motor root of the fifth nerve by fila-

ments which pass deep to the semilunar ganglion and

might therefore not have been cut with the oph-

thalmic division of the fifth. Except in the ungulates,

all the branches so far investigated running from the

eve muscles to the fifth nerve are small and it is

dithcult to see how they can supply all the sensory

endings in the muscles. Wilkinson (148) emphasizes

this point in the cat. There is a consideral)le histo-

logical literature on fibers from the mesencephalic

root of the fifth nerve which are said to join the motor

nerves in their intracereljral course (132).

.\ search of the brain stem of the goat with a

microelectrode gave good evidence of primary

neurons gi\ing rise to the afferent endings in the

extraocular muscles. These neurons were located in

the pons close to the point of entry of the fifth nerve

(37), as shown in figure 4. Enough responses were also

obtained from cells of the mesencephalic nucleus of

the fifth nerve in the midbrain to establish that these

primary afferent fibers have their cells of origin in this

nucleus, as do the fibers from the proprioceptors in

the jaw mu.scles (43). Secondary neurons excited by

proprioceptors in the eye muscles hav'e been found in

the central tegmental tract, the deeper layers of the

.stiperior coiliculus, the posterior commissure, path-

ways adjacent to the eye muscle nuclei and in the

.superior cerebellar peduncle (38, 39). Some similar

evidence of the distribution of afferent fibers from

the eye mirscles to the mesencephalic nucleus of the

fifth nerve and onwards is available for the cat (65).

EFFECTS OF STRETCH

No stretch reflex has been elicited from tlie extra-

ocular muscles. Pulling on the tendon of the superior

oblique in decerebrate goats produced either no

change or a fall in rate of discharge of about 10 per

cent in single motor units or motor ner\e fibers. In

the same animals, a brisk discharge in motoneurons

of the superior oblique followed rotation of the head,

and pulling on a .slip of the masseter produced a

reflex contraction of its muscle fibers. Pulling on the

tendon of the inferior oblique sometimes produced

a small increase in the discharge in fibers of the

superior ol)lique. No response to shocks applied to

the central end of the afferent nerve trunks has ijeen

observed in the motoneurons of the fourth nerve,

nor has tapping the tendon of an eye muscle had any

oijserved effect (Whitteridge, unpublished observa-

tions). These results agree with those of McCouch &
Adler (103) on the cat. Many authors have oijserved

that the motor discharges during nystagmus and

vestiiiular reflexes are unaffected by cocainization of

the eye muscles (112) or by peripheral section of the

motor ner\es (105).

One can therefore conclude that a stretch reflex

is probably not a basic mechanism associated with

these muscles. Correspondingly, there is no increase

in the discharge of afferent fibers from muscle
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FIG. 4. Location in the goat brain of

regions yielding microelectrode re-

sponses to afferent excitation from eye,

iaw and limb movement, and to visual

excitation. Sagittal section, 3 mm lateral

to mid-line, in the plane shown on the

diagram of the transverse section.

hfy:

Eye-musc!e responses

• Latency short /// Nucleus and fibers of

third nerve

3 Latency 20-50 IV Nucleus and fibers of

msec fourth nerve

® Latency 50-100 V Fibers of fifth nerve

msec

© Latency 100-180 Vm Motor nucleus of

msec

® Repetitive

O Inhibitory

O No latency

available

Jaw-muscle responses

A Latency short

A Latency long

fifth nerve

17 Nucleus and fibers of

si.\th nerve

I'll Nucleus and fibers of

seventh nerve

Sup.Col. Superior collic-

ulus

Iitf.Col. Inferior collic-

ulus

C.G. Central grey matter

S.C.P. Superior cerebel-

lar peduncle

Visual responses

To focal stimu-

lation

M.L.F. Medial longitu-

dinal fasciculus

O To general il- Teg.T. Tegmental tract

luminalion

P-C. Posterior commissure

Limb responses -\-

[From Cooper et al. (37).]

spindles before the onset of vestibulo-ocular reflex

movement. The first sign of movement is a discharge

in the alpha motoneurons. Subsequently there is

usually a decrease in discharge of the afferent fibers

at the l^eginning of the tension increase in the muscle,

and this may or may not be followed by a later in-

crease in frequency of discharge (147). This point has

so far been examined only in vestibular reflex move-

ment, not in movement evoked from the colliculus

or the cortex. If a stretch reflex does not exist, dis-

charge in gamma motoneurons is unlikely to precede

discharge in alpha motoneurons.

It has been suggested that the muscle spindles

may control tonic discharge in the smaller muscle

fibers of the outer surface. No difference in behavior

in tonic and phasic contraction between large and

small fibers has so far been observed, but further

observations should be made on monkeys. It still

remains possible that although the spindle does not

operate a length servomechanism as it seems to do in

skeletal muscle (62), it may play an important part

in adversive movements initiated from stimulation of

the retina (p. 1098).

VESTIBUL.'kR REFLEXES

These reflexes have been described by Magnus
(loi), Fischer (66) and Lorente de No (97). They
are usually divided into static and statokinetic re-

flexes, the latter being the responses produced by

movement, whether rotation or linear acceleration,

the former the maintained compensatory position

produced by alterations in posture. The static reac-

tions have been the object of much work in the past,

but the statokinetic reactions seem to be more im-

portant and more interesting.

Reactions to Rotation in Horizontal Plane

Rotation in a horizontal plane to the right causes

prompt contraction of the left lateral rectus muscle

and relaxation of the medial rectus in the rabbit (51)

and in the decerebrate cat. In man this reaction can

be seen if fixation is prevented while the subject is

rotated in a chair. Clearly the efifect of this reaction

is to reduce the movement of the visual axis while

the body and head move. In the rabbit the ampli-
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0-6 sec

FIG. 6. Records of the excursion of the swing in which tlie subject is seated [iarge smooth sinusoi-

dal trace) and of the rolling movements of the eye (smaller broken trace). Disregarding the irregular

jerking movements, the eye moves roughly one quarter of the amplitude of the swing and lags by

about 15°. In the calibration record, taken with the mica plate attached to the swing, the two

traces almost superimpose, showing that the sensitivity of the two records is equal and that dis-

tortion is inappreciable at this amplitude. The calibration scale of degrees is approximate. [From

Davies & Merton (49).]

rotation stops, the eye drifts back in i to 2 sec. or

moves quickly back if a blink occurs.

It is convenient to deal here with the responses

to rotation of the head about a sagittal axis in ani-

mals with forwardly directed eyes. In the decerebrate

cat this produces a brisk contraction alternately in

the superior and inferior oblique muscles. In man a

compensatory movement was described Ijy Mulder

(108) and Breuer (21) who used the movement of

afterimages against a ruler held by the teeth as a

measure of the extent of compensation. These ola-

servers remark that the compensatory movements

are considerable during head movement up to 30°;

but that when head movement stops, the eyes drift

back in the next few seconds to a displacement of

/^ to 1^2 of the head moveinent. Unfortunately sub-

sequent authors have only described the residual

compensation (60, 66). The subject has been rein-

vestigated recently by Merton (49, 107). When a

subject sits in a chair which swings about a ball race

on a level with the subject's eye, the horizontal

meridian of the eye remains nearly horizontal during

rotation of up to 30° (see fig. 6). After the movement
is over, the eye catches up all but about i-fo of the

movement, with a time constant of about i sec.

Visual acuity is not appreciably diininished either

during the movement or during the following 2 to

3 sec. when the eye 'catches up' with the head.

If the sul)ject lies on his back with the optical

axes vertical, there is compensation during rapid

rotation of the whole body in the horizontal plane;

but after the movement is over, the eyes 'catch up'

and there is no residual rotation. Presumably, there-

fore, the residual rotation present in the upright

position is due to otolith activity.

If fixation is prevented, these movements are still

present, but the compensation is maintained for a

shorter time. The eye 'catches up' in a series of jerks.

These reactions are absent in patients with bilateral

destruction of the labyrinth (Merton, personal com-

munication). Movements of the head about the

sagittal axis in animals with laterally directed eyes

produces contraction of the levator palpebrae su-

perioris and the superior rectus on the lower side of

the head and contraction of the inferior rectus on

the upper side.

In man, the monkey and the cat which have

forwardly directed eyes, nodding movements aljout

a bitemporal axis produce contraction of both recti

superiores and the levatores. In animals these reac-

tions are brisk and their maintenance is presumably

due to stimulation of the otoliths. In man, evidence

of this mechanism appears in those patients who have

paralysis of voluntary upward movement. If they

fixate on an object in the horizontal plane, they may
be able to maintain fixation in spite of forward

flexion of the head on the neck. This requires con-

traction of the elevators of the eyeball. This may
occur even when fixation by itself is ineffective, as

when the patient fixates an object in the horizontal

plane but is unable to follow as it is slowly moved

upwards (82).

NECK REFLEXES

By the classic inethods of Magnus it is possible to

show that bending the neck may produce com-

pensatory eye movements. These are clearly seen in

rabbits (51). Recently McCouch et al. (104) showed
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that these reflexes are still present after removal of

the neck muscles when endings in the upper verte-

bral joints are still present. The neck muscles are not

thereby excluded from playing some part in these

reflexes; the small muscles of the neck are richly

supplied with muscle spindles (Cooper, personal

communication). In an experiment on man the head

was kept still and the trunk was moved; the corre-

sponding eye movement was small (67).

NYST.AGMUS

Although rotation of the head in the horizontal

plane to the right produces contraction of the left

lateral rectus, this contraction is not long maintained

but is succeeded by a quick swing of the eye to the

right, followed by deviation to the left at a rate

related to the rotation, another sharp flick to the

right, and so on. This is \estibular nystagmus. The

obvious suggestion is that the sharp flick is induced

by the approach of the eye to the limits of movement

and that this is signalled by the proprioceptors of the

eye muscles or by tissues of the orbit. This suggestion

can be excluded, de Kleijn injected a local anes-

thetic into the eye muscles and found no change in

the nystagmus (loi). McCouch & Adler (103) were

quite unable to modify a vestibular nystagmus by

pulling on any of the extraocular muscles. Only the

midbrain is necessary for nystagmus since it persists

after section of the brain at the level of the oculo-

motor nucleus (loi, 113). It seems, therefore, that

the sharp flick is initiated by midbrain structures

when the discharge in the motor nucleus has per-

sisted at a high level for a certain time.

Vestibular nystagmus may also be produced by

unilateral injury to the labyrintli, the vestibular

nuclei or the cerebellum, and may be accompanied

by head nystagmus. Naturally other means of ex-

citing the labyrinth by caloric or galvanic stimuli

will also cause nystagmus as long as the labyrinth is

intact.

There is no doubt of the existence of a projection

from the retina to the cerebellum (126, 144). Many
of the responses to pulling on extraocular muscles

which appeared after latencies up to 100 to 150

msec, were found in the superior cerebellar peduncle

(38) and appeared to be due to a pathway through

the cerebellum. Little is known as yet about possible

functions of such pathways.

.JiDVERSIVE MOVEMENTS OF EYES

In tlie lower vertebrates, movements of the two

e>es in response to a visual stimulus in the peripheral

field ma\' be independent. The extreme case is the

chameleon, the eyes of which perform constant in-

dependent scanning mosements but converge onto

an interesting target.

In birds, mov-ement of the two eyes is usually con-

jugate; and in mammals all normal movements of

the two eyes are closely linked and consist of con-

jugate movements and of movements of convergence

and divergence. When a stimulus—particularly a

moving stimulus—falls on the peripheral retina, the

eyes and often the head are moved so as to allow the

image to fall on the region of greatest retinal sensi-

tivity.

The greater the difference between acuity at the

fovea or area centralis and the rest of the retina the

greater the movements required to examine objects

in the visual field. Thus the rabbit is believed to have

fairly uniformly poor retinal sensitivity, and it makes

few head movements and few adversive eye move-

ments. The squirrel probably has very high sensi-

tivity in its pure cone retina and again makes few

head or eye movements. On the other hand, birds

make \ery extensive head movements to bring visual

images onto the fovea. 'Bird-like' movement of the

head in ordinary speech means rapid movement of

the head with pauses during which the head is held

quite still, presumably for fixation. On the whole

the larger birds show more eye movement, and the

pelican, which cannot move its enormous beak sud-

denly, has a considerable range of eye movement.

In those birds which do move their eyes freely, head

movement is slower and less jerky. The jackdaw

moves its eyes up to 30°, particularly, it is said, in

unfamiliar surroundings. Otherwise it moves both

head and eyes. The pigeon and hen both show ad-

versive movements of about 10°. In the owl the eyes

are tubular and fixed to the orbit. Here all movement

is carried out by the head (121). A good compara-

tiv-e account of these movements is given by Bartels

(9)-

Adversive movements have been studied by

making the visual field move and watching the move-

ments of the head and eyes. As the field moves, the

head and eyes follow over a certain range, giving a

so-called pursuit movement. This is interrupted by a

quick flick of the head and eyes in the opposite direc-

tion, and the pursuit movements begin again. This
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phenomenon is called cj|3iokinetic, train or railway

nystagmus. It has a latency of about 0.2 sec. (59).

It is best elicited in lower animals by surrounding

the animal with a revolving drum painted in wide

vertical stripes. Tliis is adequate in lower vertebrates

(19, 122, 137) but may not be enough in dogs and

especially in monkeys to attract the animal's atten-

tion. It is said that dogs will ignore rotating stripes

but may follow a series of rabbits made to move past

the eves. Some believe that the response is not then

due to olfactory stimuli. .Mthough vestibular and

optokinetic nystagmus use the same final common
paths, their neural pathwa)s diverge widely. In pa-

tients with complete l)ilateral destruction of vestibu-

lar nuclei due to treatment with antibiotics, vestibu-

lar nystagmus is abolished, whereas optokinetic

nystagmus is unimpaired (29).

Rademaker & Ter Braak (113) have pointed out

that the maximal acceleration of the slow (pursuit)

phase of optokinetic nystagmus is lo'- sec. ~' whereas

the slow phase of vestibular nystagmus may start

with an acceleration of i20°- sec."'. Optokinetic

nystagmus will be di.scussed further in connection

with the cortical pathways invol\-ed.

SUPERIOR COLLICULUS

Anatomy

Although it has long been known that the superior

colliculi (anterior corpora quadrigemina) and their

homologues form the principal center for vision in

the low-er vertebrates, they are so overshadowed by

the increasing importance of the occipital cortex in

mammals and especially in primates that very little

attention has been paid to them, and even textbooks

of ophthalmology almost ignore them. The work of

Apter (5, 6) on the cat has led to considerable ac-

tivity in this field in the last 10 years.

Detailed accounts of the fine structure of the

superior colliculus in all classes of vertebrates are

given by Ramon y Cajal (i 15) and of the optic lobe

in birds by P. Ramon y Cajal (114). Descriptions of

its afferent and efferent fibers have been given by

Huber & Crosby (85-87) for lower vertebrates and

by Crosby & Henderson (46) for mammals. The
stratification of the cells and fibers of the colliculus is

very striking in many species, and there are large

differences in the cholinesterase content of difTerent

layers. The colliculus is one of the richer sources of

cholinesterase and cholinacetylase (76).

In mammals the afferent tracts from the retina and

fi-om the occipital cortex enter the colliculus in the

stratum opticum. Many terminal fibers turn su|3er-

ficially to end in the stratum griseum superficiale.

Cells in this layer send fibers to the stratum griseum

profundum perpendicularly to the surface, crossing

the stratum opticum. Impulses may spread trans-

versely by the most superficial layer, the stratum

zonale. The deepest layers of the stratum griseum

profundum contain large cells the axons of which

form the colliculo-oculomotor pathways and the

tectospinal tract. The colliculus receives somatic

fibers from the medial lemniscus and the fifth nerve

system, and also fibers probably from the vestibular

apparatus via the inferior colliculus (73). There is

good evidence for a projection from the colliculus to

the cerebellum (126).

The histological evidence for a projection of sepa-

rate quadrants of the retina on to separate areas of

the superior colliculus is strong, although the Marchi

method does not permit degenerated fibers to be fol-

lowed to their terminations. Histological studies have

been made on fish (2, 90, 99) and, among mammals,

on the rat (94), rabbit (23), cat (8) and opossum

(17). Brouwer & Zeeman (23) have tried to trace

fibers from monkey retina to the colliculus; and al-

though they obtained some degenerated fibers from

lesions in the periphery of the retina, they failed to

observe any degeneration after lesions limited to the

macula and concluded that there are no direct

macular fibers.

Elect) ophsioliigical Studies

Earlier observations on potential changes in the

superior colliculus were made with illumination of

the whole eye or electrical stimulation of the optic

nerve (142), but Apter (5) obtained good localiza-

tion of potentials in the cat colliculus with a light

subtending 4.5° at the eye. Similar evidence of

localization has been obtained by Buser & Dusardier

(27) in fish, by Gaze (71) in the frog (fig. 7), Hamdi
& Whitteridge (74) in the pigeon, rabbit and goat,

and by Daniel & Whitteridge (unpublished ob.serva-

tions) in the monkey. In the monkey it was difficult

to obtain responses from the peripheral field whereas

responses within 10° of the macula were easily ob-

tained. In view of Brouwer & Zeeman's difficulty in

finding degenerate fibers (23), these physiological

responses may be caused by fibers which have been

relayed, perhaps in the lateral geniculate body. In
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Right Lobe

ISO

FIG. 7. Localization of the visual field in the optic lobe of the frog. Right: Perimeter chart for

the left eye in which figures / to 13 represent the different positions of the stimulus light flashes

required for maximal response, as the recording microelectrode was moved in orderly steps of o. I

mm across the surface of the contralateral (right) optic lobe. The positions of insertion of the elec-

trode are shown in the left diagram which gives the outline of the lobe, ."^t insertion /jj, the electrode

was lowered through the substance of the lobe. .\s the electrode penetrated, the optimum posi-

tion of the stimulus light moved downwards and outwards. This is to be expected since the surface

of the lobe curls around underneath at the lateral edge, and apparently some of the superior retinal

area is represented here. [From Gaze (72).]

all cases the upper \isual field is represented nearer

the niid-linc of the superior coUiculus, the lower

field more laterally. The horizontal meridian is

shown by some workers as running Isackwards and

medially, by others as running parallel to the mid-

line. This arrangement of the projection is the same

for animals with frontally and with laterally directed

eyes, l)ut animals with laterally directed eyes, such

as the rabbit, ha\e almost entirely contralateral rep-

resentation while the cat has l^ilateral representation.

In tfie cat the anterior pole of the coUiculus is de-

voted to the area centralis of the retina which seems

to have a larger central projection area than the rest

of the retina (5).

Effects of Stiiniihition and of Lesions

There is no doui^t that stimulation of the superior

collicuhis in some mammals can cause adversive eye

movement. This has been shown for the cat with

implanted electrodes in the conscious animal (fig. 8)

(79) and by using strvchnine with \ery light anes-

thesia (6). No e.xperimental data are available for

the monkey or man.

There is also good e\idence that pursuit movement

induced bv stripes on a rotating drum can be al)ol-

ished by destruction of the superior coUiculus in the

guinea pig (125) and in the cat (122, 123). How
much importance this "subcortical" optokinetic mech-

anism lias in man is quite unknown. On the basis of

obser\ations on the guinea pig, it seems to be as-

sumed by Carmichael el id. (29) to e.xist in man
Rademaker & Ter Braak (113) suggest that weak

stimuli set up a cortical optokinetic nystagmus,

whereas large stripes may actuate a subcortical

mechanism. This distinction .seems to have some

experimental basis. There is no douijt that the direct

visual connections to the superior coUiculus becoine

smaller and less important in man, and corticocol-

licular connections from area 1 9 become much more

important (44, 1 1 i ). Certainly no signs of sub-

cortical optokinetic movements are seen in blindness
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from cortical lesions in man, ijut persistence of

optokinetic nystagmus has been claimed in coma,

in the newborn and in 'extreme idiocy.' The weight

of evidence supports the view that the occipital cortex

plays an essential part in all forms of optokinetic

nystagmus in man.

It was said by Ferrier & Turner that eye move-

ments are still possible after bilateral destruction of

the superior colliculi in monkeys (64). This paper

seems to be quoted oftener than it is read. However,

in order to approach the colliculi, the left occipital

lobe was removed in these experiments so that the

animals were hemianopic. The only information

given is that there was no ophthalmoplegia and eye

movements were normal. Whether adversive move-

ments or optokinetic movements to the left were

still normal is not related. In similar experiments

on cats by Spiegel & Scala (128), the occipital lobes

were pushed up out of the way. They may have been

damaged and their excitability was certainly lost. No
tests of optokinetic nystagmus were made. There is

no doubt that a pathway from the frontal area to the

nuclei of motor nerves of the eye exists which does

not pass through the colliculi (47).

In man the presence of supranuclear palsies from

pressure on the tectum (Parinaud's syndrome) is

most easily explained as interference with the su-

perior colliculi. The representation of the upper

quadrants at the anterior medial parts of each col-

liculus would account for the frequencx' of paralysis

of upward movement. A nuclear ophthalmoplegia

could be due to pressure and distortion of the mid-

brain extending more deeply to tiie third nerve

nucleus. How such a lesion would affect fibers from

the frontal lobes is not clear.

In the lower mammals the coiliculus plays a large

part in adversive movements; in monkeys and man
it is at least a distribution center for descending

pathways for eye movement.

Proprioceptors

It has been remarked by Cooper et al. (40) that

units stimulated by pulling on the external extra-

ocular muscles in the goat were to he found only in

the deeper layers—stratum griseum profunduni—in

the coiliculus (see fig. 4). One may therefore specu-

late that whether a particular visual stimulus in the

peripheral field gives rise to an eye movement, or

both head and eye movement, may depend on

proprioceptive impulses signalling the initial rela-

tion of the eve to the head.

FIG. 8. Adver-

sise movements in

the unanesthetized

cat following stimu-

lation of the left

superior coiliculus.

[From Hess (80).]

EVE MOVEMENTS .AND VISUAL CORTEX

Stimulation of the visual cortex produces eye

movements in the lightly anesthetized monkey (25,

46). Stimulation further forward on the lateral

surface of the hemisphere also gives eye movements,

Ijut the directions of the responses are reversed.

Whereas stimulation of the upper part of area 1

7

evokes downward movement of the eyes, and vice

versa, stimulation of the upper part of area 1 9 causes

upward movement. This may agree with the sup-

posed homology between area 18 and 19 and the

second—mirror image—visual area seen in the lower

mammals, such as in the rabbit (134).

Fibers from areas 18 and 19 have been traced by

Crosby & Henderson (46) as the occipitocollicular

bundle in the macaque. This crosses the pulvinar

and runs Ijack adjacent to the posterior commissure

to enter the superior coiliculus as the deep layer of

the stratum opticum.

The simplest picture of the process of fixation

would be that impulses from the peripheral field of

the retina reach area 17 and from there, or from the

areas just anterior, give rise to impulses which run
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to the superior coUiculus and from there are dis-

tributed to the oculomotor nuclei.

In support of such a scheme one can cite the

rather rare patients witli bilateral damage to the

peristriate region who have a spasm of fixation

whereby they have great difficulty in transferring

their point of fixation once they have visually grasped

a particular object. Such a patient was described by

Holmes (83) and the symptom may form part of

Balint's syndrome (77). Here the mechanism just

described is presumably intact but cannot be in-

hibited readily in order to transfer gaze to other

targets. Even more rare are patients in whom the

occipital visual centers are intact, and there is no

visual defect, but who find it impossible to maintain

fixation steadily even though the eyes can be moved

to command. It is suggested that the lesion inter-

rupts the occipitocollicular fibers as they run through

the pulvinar (83).

It is also temptino to think of the frontal eye field

as an area concerned with 'voluntary" eye move-

ments, i.e. with movements of the eyes on command

and the initiation of large scale scanning movements.

In a very clear analysis Graham Brown (25) divided

this area into two, an upper in which stimulation

gives rise to movement of the head without move-

ment of the eyeballs relative to the head. If, however,

the head is restrained, the eyes then move in their

sockets. Stimulation of the lower area gives move-

ment of the eyes to the opposite side and little or no

movement of the head.

Carmichael et at. (27) believe that lesions of the

angular and supramarginal gyri impair optokinetic

nystagmus, and Henderson & Crosby (78) find an

inhibitory eflfect on optokinetic nystagmus exerted by

the frontal eyefield. They agree that areas 18 and 19

must be intact for optokinetic nystagmus to appear.

The frontal area has been reinvestigated recently by

Crosby et al. (47) in the inacaque. These authors

have obtained an orderly series of eye movements on

stimulating sites in the frontal lobe regularly lo-

cated along two loci at right angles to each other.

Apart from providing yet more evidence of topo-

logical organization in the central nervous system,

this observation is unusually difficult to interpret.

It is, however, rather surprising that the frontal

lobe is included with the occipital by Fox & Holmes

(66) as areas in which lesions can impair optokinetic

nystagmus.

SUBSIDI.ARY CENTERS OF G.\ZE

It has been claimed that there are two subsidiary

centers for eye movement, one the lateral center for

gaze in the pons located in or near the para-abducens

nucleus (82), the other for vertical movements in or

below the superior coUiculus. The strongest evidence

for the center for lateral movements is that lesions

in this part of the pons have caused bilateral supra-

nuclear palsy of adversi\e movements l30th of the

lateral and of the medial recti. Adversive movements

of medial recti are impaired but convergence move-

ments are unaffected. It has therefore been assumed

that cortical fibers descend to this nucleus and that

fibers from it run to both abducens nuclei and to

the medial rectus via the posterior longitudinal

bundle. There are others who consider the sugges-

tion of a pontine center for gaze an unprofitable

hvpothesis (3, 32), and it is doubtful if any center for

vertical movement need be postulated other than

the layers of the superior coUiculus.

EYE MOVEMENT IN M.\N

Fixation Mnvements

Eye movement has been intensively studied by

photographic methods for the last 50 years (57, 58,

96). Recently the movements during fixation have

been examined by means of reflection from a drop of

mercury on the cornea (7), from a contact lens (53,

56, 119, 120), and most recently from a mirror

carried on a stalk from a contact lens (55) and a

light cup (88). All authors agree that during fixation

there is a) a continuous tremor with amplitude of 4

to 6 ' at 30 to 50 cps, h) irregular flicks of 5 to 60' at

irregular intervals and c) a slow drift of about i ' per

sec. The tremor seems to be due to irregularity of

excitation of the extraocular muscles which receive

a heavy tonic discharge at rates in each unit well

below fusion frequency (13). During attempted

fixation, flicks and drift seem to be random so that

the image travels around the central area of the fovea

100 ju diameter. As the image approaches the edge

of this area (see fig. 9), it is found that the likelihood

increases that the next flick will move the image

back to the center of the fovea (53).

The efifect of these mo\ ements is to move the edge

of the vi.sual image across the cones of the fovea.

This constant movement opposes the adaptation of
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the receptor mechanism. If the image is stabilized,

which can be accomplished by viewing hght which

has been reflected from a contact lens, so that it

moves with eye movement, then the visual detail

seen rapidly decreases, and contrast in the visual

field disappears after some seconds, abruptly reap-

pears and again proceeds to fade (55). It was thought

that elimination of 95 per cent of the movement of

the target relative to the retina would provide ade-

c[uate fixation. In fact stabilization has to be much
better than this, and an increase in stabilization from

99.94 per cent to 99.96 per cent results in a large

change in visibility (54)-

Very fast movement of the visual field diminislies

contrast, since for any unit visibility depends on the

product of light intensity and time of exposure. For

total exposures less than about o.i sec, movement of

the image reduces visibility (116); however, for ex-

posures lasting over 0.2 sec, movement of the image

greatly increases visibility. Vibration of small ampli-

tude at 16 cps greatly reduces \isif)ilitv (109).

Saccadic and Pursuit. Movements

During reading or scanning of the visual field, the

eyes are moved in brief jerks or 'saccades' (30, 138)

(see fig. 10). The velocity of movement is constant

for a particular amplitude of movement for any one

subject and cannot be altered voluntarily. It in-

creases somewhat with increasing amplitude of move-

ment. The range for normal subjects is about 200 to

400° per sec (22, 26, 137). When the eyes are moved

from one target to another, there is usually a slow-

drift or possibly a flick after the rapid movement is

over. The drift and flick may be in the same direc-

tion of movement or in the opposite (56). Apparently

the eyes carry out a 'preset' movement of approxi-

mately the correct amplitude and bring the fixation

target to the fovea by the final drift or flick. There

is no evidence of check movements of antagonists to

stop the movement. In reading continuous lines of

print, saccadic movements last about 20 to 50 msec.

Each is separated by a fixation pause of about 0.3

sec. The frequency of inovements is variable and in

reading regression movements frequently occur.

During a normal line of 4^^ in. a skilled reader will

make about six fixation pauses depending on the

difliculty and on the interest in the material read

(138).

In addition to saccadic movements, it is also pos-

sible to make smooth pursuit movements. If an ob-

cone. siz-C-

FIG. 9. Mosements of a retinal image indicated by alter-

nating continuous and inlertupted lines. The diameter of the

circular retinal area is about half that of the "central territory.'

The tremor mo\ement which has been omitted has a median

excursus of about 1.3 min. of arc or 6 y.. [From Ditchburn (54).]

FIG. I o. .Saccadic movements recorded by the corneal reflec-

tion method. Records made by a number of different subjects.

[From Carmichael & Dearborn (30).]

server is set to follow a spot which is performing

simple harmonic motion, his eye movements change

progressively, as shown in figure 1 1 . He at first at-

tempts to follow by a series of vertical or horizontal

movements at irregular intervals
—

"positional cor-

rection.' After a few repetitions, he follows by move-

ment of the eye at uniform \elocity and approxi-

matelv correct direction with corrective movements

—

"velocity control' Finally Ijy altering the velocity of
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II I

I2i

(31

Time

Time

FIG. 1 1 . The improv ement in following movements made by

the human eye in following a target moving sinusoidally. (/)

Acutal motion of the target. (2) First solution of tracking prob-

lem. {3) Second (velocity) solution of tracking problem. {4}

Third (acceleration and velocity) solution. [From Stroud (130).]

movements the subject gets very close to simple

harmonic movement of the eyes (130). This rapid

improvement with practice was also observed by

Dodge in 1907 (58) who watched subjects following

the movements of a pendulum. He pointed out that

if the pendulum is obscured for part of its course,

the eye lags and makes large saccades to catch up as

the pendulum reappears. Similar behavior is ob-

served in all tasks where the eyes must follow a mov-

ing target. At first the eyes lag by at least the

reaction time of about 0.2 sec, or nearer 0.5 sec. if

the stimulus falls at first on the peripheral field. If

the target movement is regularly repeated, its move-

ment is rapidly learned and the lag between eye

movement and target movement disappears. At this

stage eye movement becomes a special case of the

problem of the human being as an operator in a

servo system, and the general principles described

by Craik (44) apply. The subject makes periodic

attempts to reduce the error between target and

fixation point, and any procedure tried out and

found to minimize this error, be it positional change,

steady moxement or velocity change, is continued

until further errors accumulate.

Integration of Eye Movements

It is remarkable that there is no coherent view on

the relation between reflex mechanisms originating

in the neck, labyrinth and eyes, which act on the

eye muscles. As far as the neck and labyrinth are

concerned, algebraic summation of their effects has

been suggested by Magnus. The relation of cortical

mechanisms to .subcortical postural mechanisms is

much more oljscure. It is generally held that the

labyrinthine mechanisms are of little importance in

the monkey and in man, and that cortical mecha-

nisiTis are so much more important that they can

completely compensate for the absence of those of

labyrinthine origin. In body posture control, Bieber

& Fulton (12) have suggested that vestibular mecha-

nisms are inh bited by the cortex normally and that

only after removal of the motor and premotor cortex

do vestibular attitudes appear in the monkey. There

seems to be much more to be said for an alternative

view that eye mo\'ements are controlled at a series

of levels in the central nerxous system in the Jack-

sonian sense, but that at each level some degree of

stabilization is attained, a degree of stabilization

which is essential if the commands of the next higher

level are to he effectively carried out.

After complete destruction of the \cstibular ap-

paratus, there mav lie a considerable degree of corti-

cal compensation, especially in young subjects, but

the reaction to sudden passive movement is seriously

and permanently defective. Some patients, in whom
the vestibular fibers of the eighth nerve were bi-

laterally destroyed by Dandy, complained that

their \ision was "jumbled' while they were pushed

over rough ground in a wheel chair, although at

rest vision was perfectly normal. While being pushed

along a hospital corridor they were unal^le to recog-

nise the faces of friends (68). In the history of a pa-

tient who apparently developed bilateral and isolated

degeneration of the vestibular nuclei, one of the

earlier symptoms was difficulty in drixing a car
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R^NGE FINDER

FUTURE POSITION DATA
Typical fire-control insfallotion

FIG. 12. A na\al stable platform for a fire control installation. The obser\'er using the range

finder and the director are on a platform which is stabilized against roll and change of

course (yaw). [From Gairdner (70).]

which nearly led to accidents and forced the patient

to give up driving (95). In a description of his life

since he became deaf at the age of 15, a patient of 50

remarked on the movement of his field of view with

his head and added that "though this disability has

become modified with the passage of time, it is still

obvious when in a vehicle bumping over bad roads."

His illness was cerebrospinal meningitis apparently

with complete destruction of the vestibular apparatus

(4).

In view of this unequivocal histor\' extending over

35 years, one may perhaps cautiously differ from

Holmes who holds that \'estibular mechanisms are of

little importance in ocular disturbances since symp-

toms of this type are not permanent (83). If the

lesions are complete, their effects are in fact per-

manent.

The existence of labyrinthine efTects on the eyes

in man is firmly established in the case of rotation

about an anteroposterior axis, a movement which

cannot be carried out to order. The fact that the

movements of labyrinthine nystagmus may begin

with a latency of 50 msec, or thereabouts, whereas

those of optokinetic nystagmus have a latency of

over 200 msec, is further evidence for the existence

of labyrinthine reflexes in normal subjects.

At this point the analogy from fire control in a

battleship is useful (see fig. 12). The platform which

carries telescopes for spotting naval or aerial targets

has to be stabilized against roll and change of course

and pitch, if that is a serious problem. "No one can

track with hand-operated telescopes specks in the

sky from a platform rolling erratically and unpre-

dictably" (70). Once the platform is stabilized, it is

easy to keep the target in the field of view of a tele-

scope and i)y fine adjustments of the telescope mount-

ing to keep the target upon cross wires. In the same

way, if the head and the eyes are stabilized against
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movcnient of tlie bod\', it is possiljle for the fixation

reflex to operate to kec[) the target on the fovea.

When the stabihzation by the labyrinth breaks

down, as in side-to-side movements of the head

faster than q per sec, then the visual field will appear

to move and visual acuity goes down. The same

arguments concerning stabilization at each level

may ije applied to the cortical control of eye move-

ment. The occipital cortex, occipitocollicular tract

and superior coUiculus form a system by which an

image of a point in the periphery is brought to the

fovea and held there. If the image wanders off the

fovea, appropriate correcti\e eye movements return

it to the fovea again. Very rarely, this mechanism

can be interrupted without cortical blindness by

lesions of the occipitocollicular tract in the pul-

vinar (83). The patient then can move his eyes to

command but cannot retain 'visual grasp' of objects.

On the other hand the fixation mechanism can be

inhibited by turning the attention to other objects

or as a result of voluntary movement of the eyes.

This requires the activity of the parietal region and

probably of the frontal eye field. In lesions of these

areas the patient is able to fixate on an object but

has great difficulty in 'letting go' of it and may have

to blink to change his fixation point. The highest

center must be able to enhance or inhibit the ac-

tivity of subcortical reflexes, as Graham Brown

most clearly pointed out; in order that both head

and eyes may be moved to the side, the upper frontal

area for eye movement must be able to inhibit the

subcortical orientation reflex which would otherwise

keep the visual areas fixed in space while the head

turns. The relation of the cerebellum to these levels

of organization of eye movement is still a subject

for speculation. The existence of cerebellar nystag-

mus is denied by some but affirmed by Holmes (84)

who holds that it is exaggerated during attempted

fixation whereas vestibular nystagmus is more marked

when fixation is made impossible, de Kleijn &
Magnus (52) showed that righting reflexes persisted

after destruction of the cerebellum. Unfortunately,

this was distorted by textbook writers into the state-

ment that the cerebellum has nothing to do with

postural reflexes. Rademaker (112) pointed out that

movements controlled by midbrain mechanisms

were poorly executed after lesions of the cerebellum

and that its 'regulating' function applied as much to

movements mediated by the midbrain as by the

cortex.

Evidence is accinnulating that the precise per-

formance of vestibulo-ocular reflexes requires cere-

bellar assistance, and there is little doubt that

voluntary movement of the eyes also requires cere-

bellar cooperation.

Proprioceptors (uid Sensation

•Since \()n Helmholtz (139) it has been realized

that we have some knowledge of the position of the

eye relative to the head. This can he shown dra-

matically by^ wearing a 12° prism in front of one eye

with the other eye closed. If the hand is brought

quickly from behind the back to grasp at an object

in the visual field, the subject's hand misses the

target by nearly 25 cm. If, however, the hand is

brought up slowly, then the movements are corrected

and the target is attained. If, after wearing the prism

for some minutes, the subject removes it and repeats

the attempt to grasp an object, he now- misses by an

equal distance on the other side. It is not difficult

to show that this knowledge of the direction of the

visual axis is unaffected even if the subject can not

see his own nose or cheek. The judgments of 'subjec-

tive horizonlar and 'subjective mid-line' have long

been thought to depend on the activity of the eye

muscles, and there has been much controversy on the

reliability of these judgments. Bourdon (ig) found

subjects could be consistent to 1.5° on the hori-

zontal and the mid-line, but there is considerable

variation between subjects. Ludvigh (100) states

that errors up to 6° may be made but Walsh (un-

published observations) found this is an outside

figure as the standard deviation is 3 to 4°.

Clearly then we have some knowledge of the direc-

tion of the visual axis. What is not clear is whether

this is due to knowledge of the number of motor

impulses reaching the eye muscles—the 'outflow

theorv'—or some knowledge of the afferent impulses

arising in the proprioceptors of the eye muscles—the

'inflow theory.'

Sherrington (124) observed that three points ar-

ranged vertically do not appear to tilt when ob-

served in tertiary positions of the eyes. The images

of these points must be on retinal points forming an

angle with those originally stimulated, and he con-

cluded that the new interpretation implied that some

information about the rotation of the eyeball was

available to the brain and was derived from pro-

prioceptors. It is notewortlu that Sherrington's

situation is one in which the observer is called on to

make a perfectly familiar judgment in which the

position of the eyeball is an essential feature. It is not
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possible to dismiss this observation as contaminated

by ideas of verticality from the edges of the projec-

tion area, since afterimages of three vertical points

observed in the primary position do appear tilted

when the eye moves to a tertiary position.

Sherrington's interpretation however has not been

generally accepted. Most ophthalmologists have fol-

lowed von Helmholtz who wrote at a time when

proprioceptive mechanisms w^ere not understood, and

the longstanding confusion over their existence in

the eye muscles strengthened the belief that pro-

prioceptors were unnecessary.

It is quite clear that we have little or no direct

conscious knowledge of the movements of our eyes.

The most striking evidence is the surprise which

greeted the first observations of saccadic movement

in reading, movements of which the subject is com-

pletely unaware. The knowledge that the eye move-

inent is jerky is irrelevant to perception in reading.

It has long been reported that an attempt to move

the eye by means of a paralyzed muscle, for example

attempting to move the right eye to the right with

paralysis of the right lateral rectus muscle, results in

apparent displacement of the visual field to the right.

The objection that the covered normal eye has made

a mov'ement can be met by studying patients with

one eye completely immobile and with paralysis of

one muscle of the other (8g). Attempts to move the

eye in the direction of its paralyzed muscle still give

rise to apparent movement of the visual field. The

same results follow attempts to move the eyes after

paralyzing or weakening the muscles with cocaine

(92) or tubocurarine (75; \Valsh, unpubli.shed ob-

servations).

These experiments support the outflow theory

rather than the inflow theory. It is not unreasonable

to suggest that, when we start a voluntary movement,

we expect the visual field to change in accordance

with the eye movement and prepare to interpret

the retinal data accordingly. Sherrington's argu-

ments for "inflow' can perhaps be interpreted in

terms of monitoring of the outflow to the muscles in

the tertiary positions of the eyeball. Others who have

ascribed some importance to the eye muscles in

judgment of visual space, e.g. Tschermak and his

pupils, have used the phrase "myosensory tension'

and have avoided taking sides in the controversy

(140).

The proprioceptors in the eye muscles then can-

not be shown to play any part in the conscious ap-

preciation of eye movement and do not seem to be

responsible for any form of stretch reflex. They may
modify adversive movements initiated by retinal

stimuli, and the muscle spindles in man, one may
speculate, may play a part in maintaining fixation

or at least in signaling the eye movements in fixation

One possible role for muscle spindles, i.e. endings

the sensitivity of which can be changed by the cen-

tral nervous system by altering the gamma efferent

discharge to the intrafusal muscle fibers, is to signal

small movements when a target is being fixated. It

is possible that the discharge to the intrafusal fibers

is increased whenever fixation occurs. In this way

the sensitivity of the spindles could be increased at

any point in the whole range of movements available

to the eyeball. Such a mechanism would be more

sensitive for the detection of small movements than

for signaling the position of the eyeball relative to

the head. In the goat the eye muscles can probably

signal a movement of 0.5° per sec. (36). This is ap-

proximately the minimal movement which can be

detected by the human eye without a fixation point

(19). The sensitivity of detection of eye movements

should be as great as this, since to be sure that a

target has moved upwards on a blank field, one must

be sure that the eve has not moved down.
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THE EXPRESSION 'RESPIRATION,' as Used in this section,

refers only to external respiration, in particular to the

nervous control of the respiratory muscles. Because of

the incorporation of the gas-exchange surfaces within

the body, the activity of these muscles must be a

rhythmic one; for functional reasons it must be

autonomous. Furthermore, pulmonary ventilation

—

the result and measure of respiratory activity—must

be, through chemical or nervous reflex mechanisms,

continually adapted to the needs of the body. The
protection of the respiratory organs is also mediated

through special nervous mechanisms, and the estab-

lishment of contact between individuals throusjh the

medium of speech requires some means of cortical

control of respiration. In connection with the manifold

functions which respiration subserves, various ques-

tions arise as to the position of the respiratory centers,

the causes and mechanisms of their automatic

rhythmicity, and the possibility of nervously coordi-

nated adaptive processes.

In 1 812 the respiratory center was located for the

first time in the medulla oblongata by Legallois (121,

122). His experiments were repeated by Flourens (66,

67) who located the respiratory center in a narrowly

circumscribed area at the level of the calamus scrip-

torius of the medulla oblongata, in the so-called

noeud vital. But various attempts to confirm these

assertions led, already in the nineteenth century, to

the discovery of additional spinal, pontine, mesen-

cephalic and diencephalic, as well as cortical, nervous

structures which also participate in respiratory regu-

lation. Today it is customary to separate a primary

respiratory center in the reticular substance of the

medulla and pons from the superimposed or secondary

respiratory centers in the mesencephalon and dien-

cephalon, as also from the spinal effector centers in

the spinal cord.

An adaptation of respiration to changing bodily

needs can result through a change in the frequency of

respiration, a change in the respiratory amplitude, or

through both changes occurring concurrently. Con-

sidered from a neurophysiological point of view, as

well as in regard to energy expenditure, the means

through which the adaptation occurs is by no means a

matter of indifference. Therefore, in the following, we

shall attempt to avoid using the customary clinical

expressions 'respiratory activation,' and 'respiratory

inhiijition,' substituting therefore the somewhat more
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FIG. I. Regions of the right lialf of the brain stem, stimula-

tion of which influences respiration, shown as projected on the

floor of the fourth ventricle after removal of the cerebellum.

Vertical lining indicates areas giving inspiratory responses;

horizontal lining, expiratory responses. Left: Lower brain stem of

Macaca mulatta. [From Beaton & Magoun (i8).] Middle: Brain

stem of the cat, extending further cephalically than the left

figure. [From Pitts et al. (156).] Right: Same region of the sheep.

[From Amoroso et al. (7).] BC, brachium conjunctivum;

BP, brachium pontis; CJ, inferior colliculus; CR, restiform

body; M, mid-line; AC, cuneate nucleus; O, obex; TA, acoustic

tubercule.

detailed expressions "increase or decrease of die

respiratory frequency or of the respiratory amplitude'

and 'displacement of the respiratory middle position

toward the inspiratory or the expiratory side,' in order

to characterize a reaction.

tion) of certain regions, in which generally either

high frequencies or high intensities were used and, as

a rule, only strong respiratory influences were evalu-

ated. Furthermore, not all experimental results are in

agreement with the above findings. For example,

Brookhart (30) was unable in the dog to separate two

zones which could he demonstrated to yield function-

ally different (i.e. primarily inspiratory or expiratory)

respiratory reactions to stimulation. In addition,

action current measurements from cell elements in

the medulla which discharge synchronously with

respiration have only partially confirmed the results of

the stimulation experiments (i, 56, 77, 189). On the

other hand, in support of a separation of cell regions

active in inspiration and expiration may be mentioned

the separate relay centers for vagal inspiratory and

expiratory reflexes, which will be discussed in the

third section of this chapter.

To the respiratory substrate in the medulla must be

ascribed the capability of automatic, i.e. autorhyth-

mic, activity. In the intact organism a regulation

through superimposed pontine to diencephalic, oc-

casionally also cortical, "respiratory centers' can be

regarded as certain. But the bulbar respiratory centers

represent, according to our present knowledge, the

minimal substrate with which a regulated respiratory

activity can he maintained and, under appropriate

circumstances, react to carbon dioxide stimulation or

other peripheral influences (182, 183).

AN.ATOMIC.^L LOCALIZATION OF RESPIRATORY CENTERS

Primary Respiratory Centers in tite Medulla Oblongata

Investigations in tlic medullary region and in the

upper spinal cord, by means of transverse and longi-

tudinal sectioning, have led to the assuinption of a

paired respiratory center in the medulla. The results

of central stimulation indicate two half-centers on

each side, an inspiratory and an expiratory. Both are

localized in the reticular substance and appear not to

be sharply separated from one another. Nevertheless,

in the cat (12, 156), monkey (18) and sheep (7), the

anatomical substrate responsible for inspiratory ac-

tivity is predoininantly assigned to the medial reticu-

lar substance and the medial part of the lateral

reticular substance. Expiratory activity, on the other

hand, is localized in the dorsal and lateral stretches of

the lateral reticular substance (fig. i). One should, of

course, mention that these results are based primarily

on experiments in\ol\'ing the stimulation (or elimina-

Primarx Respiratory Centers in the Pons

Transverse sectioning in the region between the

quadrigeminal plate and the striae acusticae of the

medulla oblongata lead in the rabbit (33, 130, 131),

the cat (27, 126, 183) and the dog (101, 102, 127) to

respiratory changes which vary according to the lo-

cation of the section. After decerebration between the

corpora quadrigemina, spontaneous respiration is

hardly changed. .Sectioning of the brain stem immedi-

ately behind the inferior colliculi also fails to produce

respiratory changes, provided the cranial regions of

the pons remain intact. In animals with intact \'agus

nerves, spontaneous respiration is only slightly

changed when the section is made so as to remove the

cranial third of the pons. When, in addition, the vagus

nerves are cut, long periods of respiratory arrest in in-

spiration occur which can last several minutes. More-

over, maximal inspiratory depths are reached, so that

this forin of respiration has been characterized as con-

\ulsive respiration (131) or as apneustic respiration

(126). The inspiratory pauses are followed by more or
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less lengthy expirations. Respiratory frequency and

minute volume are greatly reduced as a result. One
continues to ob.serve this apneustic respiration even

when only the most caudal segments of the pons re-

main intact. On the other hand, an incision below the

striae acusticae, separating the medulla oblongata

entirely from the pons, brings about the disappearance

of the apneustic respiration. The medullary animal

then shows either eupneic respiration, to be sure not

always well coordinated, or very deep breaths in regu-

lar succession. The latter respiratory form has been

described as 'gasping' respiration {126). In many cases

transverse sectioning in the upper and lower regions

of the pons leads to periodic respiration (102), so that

an apneusis is not always observed.

These ablation experiments have led to the assump-

tion of two pontine respiratory centers. In the cranial

part of the tegmentum pontis lies a nervous substrate

inhibiting respiratory activity, which is called the

pneumotaxic center. A more extensi\e region in the

middle and caudal pons is called the apneustic center.

The latter exerts a strong tonic effect on the bulbar

inspiratory center and, therefore, apneustic respira-

tion results when the inhibiting expiratory influence

of the pneumotaxic center is abolished. In conformity

with stimulation and coagulation experiments in the

pontine tectum (16, 105), the locus coeruleus may be

assumed to represent the bilaterally situated pneumo-

taxic center. Its isolated bilateral destruction in the

vagotomized cat results in apneusis. In man destruc-

tion of these nuclei leads to a severe cerebral dyspnea

with large, inspiratorily emphasized respiration, or

with periodic respiration (87). Concerning the lo-

cation of the apneustic center uniform accounts are,

up to the present, not available. Presumably it includes

extensive areas of the lateral reticular substance of the

pons (139).

Structures of Higher Brain Stem Involved

in Respiratory Regulation

It was recognized early in the course of investigation

of nervous centers that faradic stimulation of the

quadrigeminal plate in the rabbit produced an in-

spiratory displacement of the respiratory middle po-

sition, a restriction of the amplitude on the expiratory

side, and a marked increase in frequency—with

stronger stimulation showing concomitantly a marked
motor effect (132). Inspiratory reactions were particu-

larly easy to obtain from the caudal regions of the

thalamus situated close to the third ventricle (40).

Stimulation in the superior coUiculi was more likely

to produce an expiratory effect with a decrease in

respiratory frequency and a lengthening of the dura-

tion of expiration (41). However, a subdivision in this

region into zones activating respiration and those in-

hibiting respiration resulted first from the systematic

electrical probing in the anesthetized and unanes-

thetized cat (90, 91, 160); the results of this appear in

figure 2.

In the region of the posterior commissure, electrical

stimulation causes an increase in the respiratorv fre-

quency and in the respiratory amplitude. The effect

of the stimulation increases with the duration of the

stimulus, is comparable to the effect of carbon dioxide

and shows ventilatory conditioned negative after-

effects. From the perifornical region a sort of parox-

ysmal tachypnea is obtained which is characterized by

the sudden onset of a high respiratory frequency, with

hardly increased or actually decreased respiratory

amplitude and a displacement of the respiratory mid-

position toward the expiratory side. This tachypnea

accompanies general affectiNe reactions, such as

piloerection, arching of the back, mewing and spit-

ting, reactions which are obtained from this same

region with stronger stimulation.

From the interthalamic commissure and from the

lateral thalamus—lateral, ventral and caudal to the

perifornical activating region—an electrical stimulus

always causes a reduction in the respiratory frequency.

With stimulation of the interthalamic commis.sure this

is, for the most part, caused by a lengthening of the

duration of inspiration. With stimulation of the

lateral hypothalamus both phases, the inspiratory and

the expiratory, are generally lengthened, and the

respiratory amplitude is often reduced. In many cases

the respiration has a dyspneic character, with in-

creased simultaneous widening of the nostrils during

inspiration, so that one must consider the possibility

of a bronchoconstrictor effect with secondary changes

in the respiration (95).

In connection with the diencephalon and mesen-

cephalon one should also mention panting. Excitation

of the hypothalamic thermal center leads, in the dog

and in the cat, to an increase in the respiratory fre-

quency up to 300 per min. which results—in spite of

the reduction in respiratory volume—in an increase

in the minute volume and an increased excretion of

carbon dioxide. Panting can be elicited in the anes-

thetized dog by means of high-frequency thermal

stimulation. Magoun and coworkers (129) state con-

cerning this: "In the telencephalon the responsive

region occupies a position between the anterior com-

missure and the base of the brain. Throughout the
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FIG. 2. Diagonal section tlnrough the anterior brain stem of the adult cat sliowing respiratory

reactions to electrical stimulation. In the upper lejt corner the plane of the diagonal section is indicated

on a frontal section. ^ indicates an increase in respiratory activity, i.e. in the rate and amplitude

of respiration, /v indicates a decrease in respiratory activity. Dolled symbols represent points lying

I mm medial to the plotted plane; interrupted symbols represent points lying i to 2 mm lateral to

the plotted plane. Aq., aqueductus sylvii; C.a., commissura anterior; C ].d., columna fornicis descen-

dens; Ch., chiasma opticus; Col.s., coUiculus superior; C.p., commissura posterior; ,Vcr., nucleus

ruber; Po.. pons; T.o., tuberculum olfactorium; Tr.M., tractus Meynert; ///., ventriculus tertius.

[Modified from Hess (gi).]

diencephalon it is located in the dorsal part of the

hypothalamus and the ventral part of the thalamus.

At the anterior end of the midbrain it is located in the

vicinity of the central o;'"ay matter, surrounding the

transition from the third ventricle to the cerebral

aqueduct." According to investigations on the iinanes-

thetized cat with electrical stimulation and electro-

lytic tissue destruction (96), the region from which

panting can be elicited seems to be rather extensive.

It is more or less identical with those areas from which,

in the mesencephalon, diencephalon and the supra-

optic region, general respiratory activation is ob-

tained.

Cortical and Cerebellar Injluenee on Respiratorx Activity

The known fact that respiratory activity can be

voluntarily controlled—in voluntarv breath-holdinsr,

hyperventilation, speech and singing—stimulated,

towards the end of the last century, a series of in-

vestigations of the cortical influences on respiration

(6g, 137, 179). From the already extensive literature

dealing with the subject [for reviews see Dell (55),

Kaada (107) and Smith (177)], one can, to begin with,

conclude that the results of stimulation are to a large

extent dependent on the depth and type of narcosis,

on the type of current used as stimulus, and on the

animal species. In spite of this, it would seem that the

oral region of the frontal lobe is that part of the brain

from which the respiration can be influenced without

strong concomitant motor and vegetative effects (55,

93, 108). Less constantly obtained are respiratory

changes initiated through stimulation of the \entral

surfaces of the temporal lobe (157). On the other

hand, circumscribed regions of the premotor area

powcrfulK- influence respiration, ijut their stimulation
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also causes simultaneously general changes in muscle

tone (107, 188). It is for this reason that the interpreta-

tion of respiratory effects with stimulation of the

cortex is so diflicult, particularly in the anesthetized

and restrained animal. Thus, in the following discus-

sion, only the most frequently observed respiratory

effects will be mentioned.

Most easily obtained through cortical stimulation

is a respiratory inhibition, with a decrease in the depth

of inspiration and a prolongation of expiration. W'ith

stronger stimulation, a respiratory arrest can occur in

expiration lasting for the entire duration of the

stimulus. As shown in figure 3, the corresponding

excitable regions are, in the cat, the gyrus orbitalis

and gyrus proreus (13, 94, 177), the anterior part of

the cingulate gyrus (inferior to the genu corporis

callosi) (94, 178), and, with higher stimulus threshold,

the sylvian and ectosylvian gyri (6g, 177, 178). In the

dog appro.ximately the same zones are described as

inhibitory to respiration and in Macaco rhesus or

mulatta inhibitory zones are described, inore or less in

agreement with these, in the posterior orbital gyrus

(13, 54, 107) and in the rostral and deeper portions

of the cingulate gyrus (area 24) (107, 195). In man,

for the most part, stimulation of the cortex results in an

inhibition of respiration, for example from the orbital

face of the frontal lobe (39), from the anterior end of

the island of Reil (150) and from the columna fornicis

(176).

Less densely located are regions from which a

respiratory activation (inspiratory reaction) is ob-

tained. The latter consists mostly, although not

always, of an increase in respiratory frequency with an

increase or decrease in amplitude. The occasionally

observed respiratory arrests in inspiration are con-

sidered as maximal inspiratory activation and, there-

fore, are also included in this group. Respiratory

activation is obtained in tlie dog and in the cat from

the anterior sigmoid gyrus (107, 177) as well as from

the anterior and middle portions of the cingulate

gyrus (i 78). In the monkey the region with inspiratory

reactions is located in an area rostral to the sulcus

precentralis superior which cytoarchitectonically cor-

responds to area 6a (107, 177).

The course of the descending pathways for the

cortical control of respiration has as yet been little in-

vestigated. For the most part, the connections from

the cortical regions activating respiration to the sep-

tum and to the hypothalamus are at present being

traced (55, 157, 176).

From the few reports dealing with the cerebellar

influence on respiration one may conclude, from

S.coronaUs

S.supraatjlvius

S.ccloatjlviua post.

SrhiridLlis

I CAT

3.ps<;udosqlviu9

S.ectosylvias ant.

S.supraisijlvius

5.pr<i£34lvlu3 S.eclostflvias post.

S.psc udoaijlvioa

5.*jclo3qlvias ojit.

S.rhLnalia

Z DO&

S.precciitTdlis sup.

S.rcntreJis

'S.svjlvias
S-viMCcntraJis vni.

S.pj'incipalis

3 MONKEY

— InViibltorq cortex
— Acceleratorq cortex.

FIG. 3. .Xreas ot the cerebral cortex irom which ahcrations

of respiratory movements were ehcited by electrical stimulation.

The closest stippling and the closest lines indicate the areas from

which the responses were most easily obtained. [From Smith

(177)-]

ablation experiments on the decerebrate dog (184)

and from stimulation experiments on the cat (135, 136),

that inhibition of the tonus of the inspiratory muscles

and dampening of the chemoreceptor reflexes can be

initiated from the anterior lobe.

Spinal Respiratory Centers and Descending

Respiratory Tracts

Towards the end of the last century investigations

were published in which animals were reported to be
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able, after severance of the spinal cord at a high level,

to maintain—spontaneously or after previous treat-

ment with strychnine—a rhythmic, although ventila-

torily inadequate, respiration (120, 197). The presence

of spinal respiratory centers which are capable of

originating rhythmic impulses (24, 86) and of re-

acting to stimulation by carbon dioxide (198) was

therefore assumed, particularly in young animals. In

older animals, however, the bulbar centers take over

the respiratory regulation, so that respiration gen-

erally ceases after high severance of the spinal cord.

Some of the respiratory tracts which connect the

pontine and bulbar centers with the motoneurons of

the diaphragm and intercostal muscles, according to

experiments in which the cervical cord was blocked

(158, 187) or stimulated (162, 165), are located in the

lateral column and end, for the most part, on the

homolateral side. However, in view of the so-called

'crossed phrenic phenomenon,' a crossing to the con-

tralateral side at the spinal level must be assumed

(158). Porter (158) demonstrated in dogs the ces-

sation of contractions in the left half of the diaphragm

after ipsilateral hemisection of the cord at the level

of the fourth cervical segment. When, following this,

the right phrenic nerve was severed so that the right

side of the diaphragm became paralyzed, strong con-

tractions of the left side immediately appeared. This

is evidently the manifestation of an influence from the

bulbar respiratory centers which descends in the right

side of the spinal cord and crosses over to the op-

posite side. Why this innervation comes into play

only when the phrenic nerve on the side contra-

lateral to the hemisection is severed is not quite clear.

The phenomenon certainly depends in part on the

absence of the phrenic afferent impulses. This subject

has been reviewed by Dolivo (58).

Descending respiratory tracts are also found in the

anterior column, for a complete respiratory paralysis

occurs only when, after severance of the anterior part

of the lateral columns, the anterior columns are also

severed (151, 187). In the dog, Rothmann (167)

believed that the paths to the phrenic motoneurons

run in the anterior part of the lateral column (the

ventrolateral column) and that the anterior columns

contain the efferent paths to the intercostal muscles. A
separation into inspiratory and expiratory efferent

paths was attempted by Pitts (151) in the cat; lesions

were placed either in the inspiratory or in the ex-

piratory center in the medulla and the degeneration

of the axons in the descending fiber bundles was fol-

lowed with the Marchi method. In these experiments

degenerated fibers were found in the above-mentioned

columns, but a separate path for the inspiratory and

the expiratory fibers could not be demonstrated. After

destruction of the ventral quadrants of the cervical

cord, cell degenerations were found in the inferior

reticular nucleus of the medulla, i.e. in the region of

the respiratory centers.

INTRINSIC CONTROL OF RESPIR.^TORY .'\CTIVITY

The question of the origin and mechanism of the

rhythmic alternation between inspiration and ex-

piration has intrigued investigators for many years

and, according to the direction of the investigation

undertaken, either humoral or nervous regulating

mechanisms have been postulated. Since this section

is concerned with the nervous regulation of respira-

tion, it will be necessary to forego a discussion of the

so-called chemical control of respiration. But, even

with this limitation, the literature on the subjects is so

extensive that, for a re\iew of the older literature, the

reader is referred to the summaries by Hess (89) and

by Cordier & Heymans (46).

Assumed Mechanisms Leading to Rhythmic Respiration

Most investigators in attacking the problem proceed

from the fact that in eupnea only the inspiratory

phase is active, while expiration occurs passively.

Eupneic respiration can be explained through two

possible mechanisms; either the inspiratory center

possesses the capability of sending out impulse salvos

in periodic intervals, or a continuously active in-

spiratory center is rhythmically blocked by a neighbor-

ing or superimposed inhibitory center. The first possi-

bility could be admitted if with quiet respiration the

neuronal activity in the medulla oblongata occurred

predominantly during the inspiratory phase. As a

matter of fact, neurons which discharge during in-

spiration have been demonstrated (56, 189), but one

finds just as many neurons which discharge continu-

ously; on the other hand, only a few are active during

expiration. A concentration of points showing ac-

tivity synchronous with inspiration has been reported

in the neighborhood of the nucleus hypoglossi and the

caudal part of the nucleus ambiguus (i), and in the

vicinity of the bulbar trigeminal nucleus (189). Of

these regions, ho\ve\er, neither the nucleus hypo-

glossi nor the caudal nucleus ambiguus belongs to the

respiratory center proper since they are the point of

origin for efferent motor fibers. Thus it would seem

that the in\cstigations of electrical acti\itv do not
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speak unequivocally for the existence of a rhythinicalK

active inspiratory center. Therefore, the conception of

an inherent rhythmicity of a narrowly circumscribed

and relatively simply constructed respiratory center

has, in general, been abandoned.

The second possibility—periodic inhibition of a

tonically active inspiratory center—represents a

plausible working hypothesis. The intervention of an

inhibitory or expiratory- center also permits a better

explanation of how, under certain circumstances, not

only an inspiratory arrest but also an active expiration

can take place. Pitts (155) and Wyss (208) have de-

veloped, in their detailed review articles, more or less

similar conceptions of this intrinsic neuronal mecha-

nism of respiration which are also in agreement with

newer neurophysiological concepts.

The inspiratory center in the medulla is tonically

active and emits impulses continuously. This would

explain why, after a hypocapnic apnea, a tonic base

activity develops in the phrenic nerve before any

rhythinic activity is observed (206). The apneusis oc-

curring after transverse section of the pons can be

interpreted as a liberation of the automatically active

inspiratory center from inhibitory influences. To sup-

port the theory of a primary inspiratory autonomy,

stimulation experiments have also been carried out

in the nucleus reticularis ventralis (inferior) of the

medulla with the result that a strong inspiratory

tetany, or a direct facilitation of the phrenic moto-

neurons, has been obtained (7, 18, 43, 151, 152, 154).

From injection experiments with solutions of bicar-

bonate containing carbon dioxide (43), one may con-

clude that the nervous substrate with maximal

sensitivity for carbon dioxide lies in the region of the

inspiratory center. Slow potential waves can be ob-

tained from this region under the influence of carbon

dioxide (6.5 per cent in the inspired air), even in the

fully denervated medulla. These potentials have been

designated as 'slow medulla chemopotentials' (124,

190, 191).

This locally originating inspiratory tonus is then

modulated through two (155, 163, 164) or three (208)

inhibitory processes and transformed into a series of

rhythmic events. To begin with, an intramedullary

control mechanism must be assumed, since the

apneusis which occurs after bilateral vagotomy and

transverse section through the pons is transformed into

rhythmic respiration by an additional transection

through the striae acusticae, caudal to the trapezoid

bodies (27, loi, 130). The inspiratory center, as

postulated, sends out impulses, descending not only to

the motoneurons of the inspiratory muscles but also

to the bulbar expiratory center, and excites this

through as yet undefined connections. Since this ex-

piratory center requires a high degree of summation,

it takes a certain amount of time before it is suffi-

ciently activated. During this time the inspiration is

completed. As soon, however, as the expiratory center

begins to discharge, the inspiratory center (through

an intramedullary process) and the inspiratory moto-

neurons (through a bulbospinal tract) become
blocked. With a sufficiently high excitation of the ex-

piratory center, the expiratory muscles are also

excited. For the inspiratory motoneurons this can be

looked upon as a form of reciprocal inhibition. With
the decrease in the activity of the inspiratory center,

the excitatory influence on the expiratory center dis-

appears, the inhibitory influences of this center di-

minish, and the inspiratory center begins again to

send out impul.ses in rapidly increasing succession.

An experimental proof for such an intrinsic self-

regulating loop mechanism as has been described is, up
to the present, lacking; and the two assumptions made
in the concept of an interneuronic genesis of respira-

tory rhythmicity are defined by Wyss (208) as follows:

"The one refers to the time lag inherent to the postu-

lated interneuronic control, the other is concerned

with what may be called the "characteristic" of this

control. The latter apparently does not follow a steady

course hm shows somewhere a critical level for the

inhibition of, as well as for the release from, tonic

inspiratory activity. Variations of the rate and depth

of breathing would then be accounted for by changes

in the reaction time of such as intrinsic control in

either direction."

Corresponding to this intermedullary control

mechanism is a second, pontobulbar inhibitory mecha-

nism. The pneumotaxic center is believed to be ex-

cited either from the inspiratory center in the medulla

(155) or from the apneustic center in the pons. Here

also it can be assumed that tiie influenceof the pneumo-
taxic center inhibits inspiratory activity, but that the

influence lasts only so long as a maximal excitatory

state prevails in the center. The inhibition of in-

spiratory activity can then result either from a block-

ing of the apneustic center, so that an activating in-

fluence on inspiration is suppressed, or from an

intensification of the activity of the inhibitory (ex-

piratory) center in the medulla.

This point of view is supported, above all, b\ the

occurrence of apneusis after removal of the pneumo-
taxic center through a transection in the cranial third

of the pons. Not fitting in with this scheme, however,

is the assertion that electrical stimulation of the locus
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PTC

APC

FIG. 4. Functional scheme of respiratory center. The primary

inspiratory mechanism is shown in black. Vertical hatching indi-

cates the inspiratory-facilitating component of intrinsic control

(including in the pons the assumed apncustic center, APC).

Horizontal hatching indicates the inspiratory-inhibitin,^ (expira-

tory) component of intrinsic control (including in the pons the

assumed pneumotaxic center, PTC). C'ro.ishatching indicates the

extrinsic control (solitary system). A' designates the vagus

nerve. The horizontal broken line separates the pontine level (P)

from the bulbar level (M). [From Wyss (208).]

coeruleus, in which the pneumotaxic center ha.s

recently been localized, produces predominantly in-

spiratory reactions (16, 105), while expiratory effects

are more easily obtained from deeper lying struc-

tures. The validity of the postulation of a pneumo-

taxic center would seem, therefore, to require further

clarification.

A third mechanism, which can also lead to a trans-

formation of tonic inspiratory activity into a rhythmic

one, is seen in the vagal control reflexes (see the later

section on extrinsic control). Therefore, in the sche-

matic representation appearing in figure 4, the two

closely associated central control mechanisms and the

vagal-proprioceptive mechanism are presented as a

functional unity. Since three different mechanisms

guarantee respiratory rhythmicity, it is understand-

able that an isolated interruption of the pontine con-

trol need not always lead to a disturbance of the

respiratory rhythm and that, after bilateral vagotomy,

the respiration in most animals mav continue rliythmi-

cally. However, in such cases, the medullary centers

are much more easily deranged. For example, in deep

narcosis and under morphine (28, 102, 175), in

oxygen lack, and in states in which the arterial pres-

sure is reduced (31, 32), respiratory patterns of the

Cheyne-Stokes or Biot type can easily occur, in man
as well as in experimental animals, and under certain

circumstances a sudden respiratory failure is seen.

An interpretation varying from the above-de-

veloped conceptions has been advocated l>y Rijiant

(163, 164). On the basis of his stimulation experi-

ments in the medulla oblongata and in the spinal

cord, with simultaneous registration of phrenic action

currents, he believes that one must locate the origin

of inspiratory tonus in a pontine center (the apneustic

center of Lumsden). The continuous activity from

this center, which of itself does not lead to a manifest

inspiration (respiration ocai/le), would then be modu-

lated, i.e. physicallv furthered or inhibited, from the

medullary region (cnitre bulhaire modidaleur).

Intrinsic Mechanisnis Leading to Modification

of Basic Respiralorv Rhythms

The basic rhythm de\eloped by the bulbopontine

respiratory centers is modified through \arious in-

fluences. The most important of these, affecting the

depth and rhythm of respiration, is the partial pres-

sure of carbon dio.xide in the blood. Its increase

produces, either directly or through a reflex mecha-

nism, a general activation of the meduUarx', pontine

and spinal respiratory neurons. The mechanism of the

direct action on the respiratory center is still open to

discussion. In general, it is assumed that carbon

dio.xide in molecular form exerts a direct effect on

the nerve cells in the center (43, 140, 172). Other

authors postulate an indirect effect on the cell ac-

ti\ity through a change in the pH of the intercellular

fluid (14, 80, 202-204) or through a change in the

intracellular hydrogen ion concentration (75, 76).

However, since the pCOo and the extra- and intra-

cellular pH are closely related to one another, the

discussion has more academic than practical interest,

especially since, up to the present, no central pH
receptors have been disco\'ered.

An increase in the activity of the inspiratory center

under the influence of carbon dioxide leads, at first,

to an increase in the depth of inspiration, and at the

same time also to a stronger and more rapid excitation

of the pneumotaxic and expiratory centers. This

causes a more rapid change-over to expiration and,

therei^y, an increase in the respiratory frequency.

When the degree of excitation in the expiratory center
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is high enough, an active expiration results and the

respiratory volume is increased, as seen, for example,

in dyspnea.

A further influence on respiratory activity, always

ascertainable in the intact animal, is of cortical origin.

These psychic influences are of a manifold nature.

Thus it has long been known that in the course of

intellectual work the respiratory frequency increases,

and the amplitude tends rather to be reduced (20, 53,

185, 194). Emotional changes are also often first

detected by the observer through changes in the type

or frequency of respiration (26, 211). These changes

in the respiration can, at times, be so pronounced that

they may be interpreted as an indication of certain

psychic disorders (34, 63).

The influence of the diencephalic and mesen-

cephalic centers on respiration has been discussed in

detail in the first section of this chapter. Apparently

we are here concerned with the intervention of a

superimposed regulatory system, in connection with a

general increa.se or decrease in the activity of the

organism as a whole. For this purpose it seeins ex-

pedient that wlicn the metabolism, circulation and

muscle tone are altered, respiration is also influenced

in a corresponding manner (90, 92).

Respiratory Neural Discharge

The possibility of investigating ner\ous and muscu-

lar activitv througii the measurement of action po-

tentials allows us to gain a more intimate insight into

the innervation patterns of the respiratory muscles.

Up to the present, the investigation of the innervation

of the most important inspiratory muscle, the dia-

phragm, has been particularly thorough. For this

purpose it is sufficient to record the electrical activity

of the phrenic nerve, for—apart from a delay of about

10 msec.—practically synchronous potential waves

are found in the phrenic nerve and in the diaphragm

(72)....
Action potentials from single fibers of a phrenic

nerve root (3, 159), or from isolated fibers in the

frayed nerve trunk (152, 153), exhibit most easily the

pattern of the diaphragmatic innervation. During

inspiration in eupnea, impulse series of relati\'ely low

frequency (10 to 30 per sec.) are found. The frequency

of the action potentials usually increases slightly from

the beginning to about the middle of inspiration and

then remains approximately the same until the end of

inspiration. With the beginning of expiration, the dis-

charge salvo is, as a rule, suddenly discontinued.

Under dyspneic conditions (3), or with stimulation of

the inspiratory center in the medulla (1.52), the dis-

charge frequency can increase to 100 or more per sec.

;

in fact, maximal frequencies as high as 400 per sec.

have been recorded (159). With stimulation in the

inspiratory center, moreover, the separate inspiratorv

phases are lengthened. On the other hand, stimulation

in the expiratory region of the medulla shortens the

duration of the salvos or blocks the neurons com-
pletely.

The action potentials present a more complicated

picture when they are recorded from the central stump
of the intact phrenic nerve. In eupnea a certain base

activity is often seen during expiration (206) which

would correspond to the tonic innervation of the dia-

phragm and on which the inspiratory activity is

superimposed. Under the influence of carbon dioxide

in addition to the increase in frequency in the indi-

vidual nerve fibers already described, a recruiting of

hitherto inactive neurons can be demonstrated, in the

frayed as well as in the intact nerve (153, 155). Thus,

the regulation of the depth of inspiration occurs

through two mechanisms: an increase in the dis-

charge frequency of the individual neurons, and an

increase in the number of discharging neurons. More-

over, in extreme dyspnea (resulting from collapse of

the lungs after bilateral vagotomy, or inhalation of

20 to 40 per cent carbon dioxide in oxygen), a marked

synchronization can be observed. This is expres.sed in

the electrical pattern through the occurrence of vva\es

which are absolutely synchronous in both phrenic

nerves and—whenever present—also in the vagal

efferents (209).

A rhythmic activity can be demonstrated not only

in the plirenic nerve and diaphragm, but also in the

other respiratory muscles and the nerves supplying

them. Thus Bronk & Ferguson (29) were able to

demonstrate in decerebrate cats, that those intercostal

nerve fibers which run to the external intercostal

muscles (with the exception of the interchondral

portion) discharge only during inspiration. On the

other hand, fibers which innervate the internal inter-

costal muscles discharge only during expiration.

Electromyographic studies in man (35-37, 106, 145)

have demonstrated that during quiet respiration, in

addition to the diaphragm, only the scalene muscles

show an increase in activity during inspiration, while

expiration occurs passively. But during voluntarily

forced or dyspneic respiration, the muscles listed in

the following table may be innervated.
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Expiratory muscles

M. rectus abdominis

M. obliquus abdominis cxC.

M. obliquus abdominis int

M. pectoralis minor

M. intercostalis externus, pars

interossea, VI to X.

M. intercostalis inlernus, pars

interossea et pars intercar-

tilaginea, VI to VIII.

Inspiratory muscles

M. diapiiragma

Mm. scaleni

M. serratus post.

M. intercostalis externus

pars interossea, I to V.

M. intercostalis externus,

pars intercartilaginea

M. intercostalis intcrnus,

pars intercartilaginea, I

to V.

EXTRINSIC CONTROL OF RESPIR.'^TION

A variety of nervous influences can further or in-

hibit the automatic activity of tlie bulbopontine

respiratorv centers. Thus the stretcli receptors in the

hings and the cliemoreceptors of the glomus caroticum

are directly connected with the respiratory centers

throu£;h afferent fibers in the vas;us and glossopharyn-

geal ner\es. For other receptor regions the connection

to the medulla is less distinct.

\dgal Cmilivl of ResjiiralKnt

v.-^iGAL PROPRIOCEPTIVE CONTROL. After bilateral

severance, or reversible blocking, of the vagus nerves

in the neck, the respiratory frequency decreases while

the amplitude increases. The minute volume is, there-

fore, usually hardly changed. But the immediate

result of vagal blocking is so strongly dependent upon

the technic used, the type of narcosis and the animal

species that quite contradictory statements on the

effects of vagotomy can be found in the literature. In

rabbits, cats and dogs, an inspiratory reaction

(lengthening of the duration of inspiration and an in-

crease in lung volume) has been described by those

authors who attempted to block the vagus through

cooling (70, 81, 123, 125). On the other hand, after

vagotomy or electrical blocking, expiratory reactions

or even long periods of respiratory arrest in expiration

have been described (iio, iii, 114, 166); but, re-

gardle.ss of the effect of the interference between the

loss of innervation on the one hand and a momentary

stimulation on the other, tracheotomized animals

breath more slowly after bilateral vagotomy than

before. Therefore, an effect tending primarily to in-

crease the respiratory frequency has been ascribed to

the vagus. As is shown in figure 5, this frequency-

enhancing influence is especially pronounced in the

guinea pig (144).

The current concepts of the role of the afferent

FIG. J. I'hc effect of vagotomy and of cooling of the vagus

nerve on respiratory rate and amplitude. Upper record: One
vagus cut at first signal, otfier at second. Rabbit under urethane

narcosis. Respiratory frequencies: 60, 50 and 30 per min.;

tidal air: 24, 32 and 45 ml; pulmonary ventilation: 1440, 1600

and 1350 ml per min. before vagotomy and after unilateral and

bilateral vagotomy, respectively. Lower record: Guinea pig under

Numal narcosis. The left vagus was sectioned and the right

vagus cooled to 4°C. Registration was interrupted for 5 min. in

the middle of the kymogram. At the end of the signal ( W) the

vagus was rewarmed. Prolonged vagus interruption causes ex-

treme reduction of respiratory frequency in this animal. In both

figures inspiration is downwards. Time marks are 3 sec. apart.

(Original records prepared by R. J. H Oberholzer.)

vagal fibers from the lung are based, however, not so

much on vagotomy experiments as on the classic in-

vestigations by Hering & Breuer (83), Gad (70) and

Head (83, 84). These authors demonstrated that,

after closure of the trachea at the end of an inspiration,

the following expiration lasts considerably longer than

the preceding one. Conversely, when the trachea is

closed at the end of an expiration, the following in-

spiration is prolonged. Furthermore, inflation of the

lungs leads to a reflex expiration, while the aspiration

of air from the trachea or the application of a pneumo-

thorax elicits an inspiratory reflex. In the apneic

animal with an open thorax, an elevation of the dia-

phragm has been observed upon inflation of the lungs,

a lowering of the same with collapse of the lungs (88).

All of these reflexes are interrupted, or at least con-

siderably diminished, by vagotomy. Hering & Breuer

assumed, therefore, that two reflex effects are mediated
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through the vagal nerves: with the expansion of the

lungs an inhibition of inspiratory and furthering of

expiratory activity; with the diminution of the lung

volume an exactly opposite influence.

Some insight into the mechanism of such a respira-

tory regulation has been afforded by action potential

investigations (2, 49, 112, 146-149). Distention of the

lungs produces an increase in electrical activity in the

intact trunk of the vagus, as well as in the frayed

nerve, which has been attriijuted to the stimulation of

stretch receptors in the lung. The exact location of the

receptors is not yet known; it has been suggested as

subpleural (196) or as peribronchial (199, 200). The

frequency of the action potentials in the isolated nerve

fiber, and the number of stimulated nerve elements, is

directly proportional to the rapidity with which the

increase in lung volume results (49) and to the degree

to which the lungs are distended. This would seem to

be valid, in principle, for both types of receptors in-

vestigated up to the present, the slowly adapting (2)

and the rapidly adapting stretch endings (112).

During inspiration the receptors discharge with an

impulse frequency up to 100 per .sec; during ex-

piration many elements cease discharging altogether,

others discharge with at most 30 impulses per sec.

It has i^een assumed that with the increase in the

number of afferent impulses in the vagus the inspira-

tory center is increasingly inhibited, so that a shorten-

ing of the duration and a decrease in the depth of

inspiration results (2, 153, 155). When this inhibition

is abolished through bilateral vagotomy, the inspira-

tions ijecome longer and deeper.

But the inhibition of inspiratory activity cannot

represent the only fimction of the vagal fibers from

the lungs, for stimulation of the central stump of the

vagus (with stimuli only slightly above threshold and

a stimulus frequency between 20 and 40 per .sec.)

elicits either a more or less pronounced tonic in-

spiratory reaction or an acceleration of the respiration,

depending on the animal species. On the other hand,

with stimulus frequencies between 100 and 300 per

sec, a lengthening of the expiratory phase and a de-

crease in the depth of inspiration is obtained. This

dependence of the result of afferent vagal stimulus on

the frequency has up to now been demonstrated in

the rabbit (205), thecal (161, 180), the monkey (207)

and the guinea pig (143, 144). It has been particu-

larly well investigated in the rabbit. In this animal,

action potential measiu'ements on the cranial stump

of the electrically stimulated vagus, with simultane-

ous registration of a pneumogram, have demon-

strated that the reflex reversal appcarint; with increase

in the stimulus frequency can be elicited by stimuli

just strong enough to excite the a and /3 fibers but

which is subliminal for the more slowly conducting

fibers. With stronger stimuli (three to four times the

threshold intensity for a fibers), a stimulation with

low frequencies produces a more marked inspiratory

effect, occasionally an inspiratory tetanus. A higher

frequency of stimulation can then result in a respira-

tory arrest in expiration with active participation of

the expiratory muscles. In both cases, however, the

more slowly conducting 5 fibers are always excited.

On the basis of these experiments, Wyss (208)

believes the Hering-Breuer reflex is due to a central

stimulation from stretch receptors which can dis-

charge with a high or a low impulse frequency, de-

pending on the degree of distention of the lungs. The
assumption is then made that the inspiratory center

reciuires a lower degree of summation than the ex-

piratory center, so that it can be activated by afferent

stimulation of a lower frequency. An inhibition of

inspiration occurs only wiien, as a result of increasing

temporal and spatial summation, the expiratory cen-

ter becomes sufficiently activated to exert an inhibi-

tory influence on the inspiratory center (fig. 6). For

FIG. 6. Schematic representation of weak inspiratory-

facilitating reflex from small lung volume {left) and strong

inspiratory-inhibiting (expiratory) reflex from large lung

volume {right). /, bulbar inspiratory center; E, bulbar ex-

piratory center; IS, solitary tract system. [From Wyss (208)]
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FIG. 7 a: Horizontal section through

the medulla showing the location of

the vertical and horizontal planes

drawn in h and c, respectively, b and c:

Location of the vagal reflex centers in

the medulla of the rabbit relative to the

fasciculus solitarius [FS], the nucleus of

the hypoglossal nerve (NcXIl), the

inferior olive iOi), the decussation of the

medial lemniscus (.S"), the descending

pyramidal tract (Py) and the spinal tract

of the trigeminal nerve (T.sp.V). Relay

stations for vagal expiratory (£), aortic

depressor (£)) and vagal inspiratory (J)

reflexes on the medial border of the

solitary bundle at the level of the

promontorium gliosum (the abex, PG)

.

[From Oberholzer (141).]

—

S

the proprioceptive control of respiration only the

rapidly conducting components of the vagus nerve

are considered important. They are believed to

establish contact with the inspiratory as well as the

expiratory center through an as yet unknown manner

of distribution and to stimulate both centers simul-

taneously. Slowly conducting fibers may be significant

for the occurrence of a strong inspiratory reaction

following collapse of the lungs or a stronger stimula-

tion of the vagus (208), but their role in the vagal

control of respiration is not yet clear. Evidence for the

simultaneous action of the vagus fibers on both

respiratory centers is seen in the appearance of re-

bound phenomena after expiratory reactions produced

by stimulation of the vagus with higher frequencies.

In the rabbit it has also been possible to localize

the relay centers for the vagal respiratory reflexes in

the medulla. Through high-frequency electrocoagula-

tion in the region of the caudal end of the tractus

solitarius, a small zone can be eliminated following

which electrical stimulation of the ipsilateral central

stump of the vagus yields only the expiratory vagal

reflex, but not the inspiratory reflex (142). Conversely,

an expiratory region has been described lying 2 to 3

mm cranial from the obex and also belonging to the

system of the tractus solitarius, the destruction of

which causes solely the loss of the vagal expiratory

reflexes (8). But these regions should not be desig-

nated as respiratory centers since their bilateral

destruction causes only slight changes in the respira-

tion of animals previously subjected to bilateral

vagotomy. They have, therefore, been designated as

relay stations for vagal respiratory reflexes. Their

approximate location in relation to the nucleus of the

hypoa;lossus nerve, the obex and the inferior olive, as

well as to the relay station for the aortic depressor

reflexes, is diagramed in figure 7 (141). The actual

respiratory centers lie, according to what has been

said earlier, in the reticular substance of the medulla.

They are connected with the reflex zones of the soli-

tary tract through secondary neurons. The caudally

and medially located inspiratory center would seem

to be closely related to the inspiratory reflex center;

the less sharply circumscribed, more cranially and

laterally located expiratory center to the expiratory

reflex center.
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The discussion carried on for many years over the

significance for respiration of the vagal fibers from the

lungs seems thus to have more or less come to a close.

In principle, the vagus can exert an inhibitory as well

as a facilitating influence on inspiration. Depending

on the animal species or the type of narcosis used, the

one or the other effect predominates. In the cat, dog

and monkey the inhibitory effect is dominant. In the

rabbit the facilitating effect on inspiration is clearly

in evidence, and in the guinea pig it is actualK'

indispensable for the maintenance of the respiratory

rhythm (144).

VAGAL CHEMORECEPTiVE CONTROL. The importance of

the aortic, pulmonary and cardiac chemoreceptors

for respiratory and circulatory regulation has recently

been discussed by Dawes & C'omroe in such a com-

prehensive review article (51) that only the more

generally accepted concepts will be mentioned here.

After bilateral dener\ation of the carotid bodies,

the excitation of the aortic chemoreceptors by carbon

dioxide, anoxia, lobeline or piperidine leads to a

reflex hyperpnea which is abolished by bilateral

vagotomy (74, gq, roo). Experiments in which the

\'arious intrathoracic fibers of the vagus are inter-

rupted have demonstrated that the afferent fibers

from the aortic body run predominantly in the right

depressor nerve in the cat (138), while in the rabbit

they are found principally in the trunk of the vagus

(103)-

Small amounts of 0.3 .A^ acetic acid, injected di-

rectly into the aorta, block the aortic chemoreceptors

but not the pressoreceptors. Through this means, as

well as through denervation of the aortic chemo-

receptors, it lias been demonstrated that these re-

ceptors are much less important than the glomus

caroticum for the control of respiration.

One must differentiate the chemoreceptors proper

(aortic chemoreceptors and glomus caroticum) from

receptors in the lung which are also subject to chemi-

cal influence. Their exact location has not yet been

determined, but a close association with the pulmo-

nary blood vessels seems probable. These pulmonary

'chemoreceptors' can be stimulated by a great variety

of substances; they produce a reflex apnea (in the cat

and dog in expiration, in the rabbit occasionally in

inspiration) followed by hyperpnea (50). For further

research in this direction it would be advantageous,

according to Dawes & Comroe (51), to define more
sharply the concept 'chemoreceptor,' and to classify

those substances which are able to influence respira-

tion over pulmonary receptors into three groups.

according to their mechanism of action : a) substances

which excite the Hering-Breuer inflation reflex:

\eratrine, veratridine and other veratrum alkaloids;

/)) substances which excite the pulmonary respiratory

chemoreflex: phenyl diguanidine, diphenhydramine,

mepyramine, 5-hydroxytryptamine; c) unclassified

substances, e.g. various other amidines and anti-

histamines, serum, nicotine, phosgene.

Ru/f of the Carotid Body in Respiratory Control

Since the first descriptions of the carotid sinus as a

chemoreceptive reflex zone (46, 98, 170, 171), the

investigations by Comroe & Schmidt (44) and by

Heymans & Bouckaert above all (97) have con-

tributed to the fact that we now differentiate betw-een

pressoreceptors in the wall of the sinus caroticum and

chemoreceptors in the glomus caroticum (carotid

body). Both receptor regions are connected with the

medullary centers through the Hering nerve, a

branch of the glossopharyngeal nerve. A differentia-

tion of the influences of the pressoreceptors from those

of the chemoreceptors is relatively simple in the dog.

The glomus caroticum can be cut off from its blood

supply by ligation of the occipital artery at its exit

from the external carotid artery, and the sinus region

is easily denervated. In the cat and in the rabbit a

separation of the two receptor regions is more difficult

to accomplish. Moreover, the anatomical position

(52) and the blood supply (42) of the carotid body

vary from species to species.

Of the two types of receptors, the chemoreceptors

are of primary importance for the reflex control of

respiration. Stimulation of the afferent fibers from the

carotid body leads—after a certain latent period—to

a marked increase in the respiratory amplitude and,

to a lesser extent, in the respiratory frequency. The
following have been demonstrated, in numerous ex-

periments, to act as physiological stimuli : decrease in

the oxygen saturation of the arterial blood to below

85 per cent, increase in tlie arterial pCO_> and lowering

of the pH in arterial blood. Views are divergent only

over the relative importance of the central and the

reflex stimulation of the respiratory centers by carbon

dioxide. The Heymans school (25, 97) considers the

reflex activation of the respiration by carbon dioxide

to be dominant and assigns a subordinate role to the

direct effect of carbon dioxide on the respiratory cen-

ter; but other authors (59, 173, 174) have demon-

strated in the dog that the increase in respiratory

minute \olume produced by carbon dioxide is almost



124 HANDBOOK OF PHYSIOLOGY nei;rophysiology ii

as great after elimination of the chemoreceptors as

before.

Action potential in\-estigations on the intact and

frayed Hering nerve in the cat have also disclosed the

particular sensitivity of the glomic chemoreceptors to

a deficiency of oxygen or an excess of carbon dioxide.

A reduction in the oxygen saturation of arterial blood

below 95 per cent Hb (lo, 193), or an increase in the

arterial pC02 above 30 mm Hg (15, 193), leads to an

enhancement of electrical activity. Moreover, the

discharge frequency has been shown to run almost

parallel to the arterial pCOj. A large loss of blood

(119), a reduction of the systemic blood pressure be-

low 40 to 50 mm Hg, or the stimulation of the cranial

part of the cervical sympathetic trunk (47, 68) gives

rise to a continuous discharge of the chemoreceptors

as a result of the consequent local ischemia in the

carotid body. The glomus caroticum can also be

stimulated by lobeline, nicotine, acetylcholine and

cyanide. The respiratory activation produced by these

substances is often utilized as a means of determining

whether or not the chemoreceptor reflex is func-

tioning.

When both the glomus caroticum and the aortic

chemoreceptors are eliminated, the respiratory minute

\-olume is reduced by about 30 per cent. Thus one

can, in general, assign to the aortic, and particularly

the sinus chemoreceptors, a tonic facilitating influence

on the respiratory center (74). Through their inter-

vention or their suppression can be explained, for

example, the hyperpnea following clamping of the

carotid arteries (168, 171, 192), the reduction in the

respiratory minute volume occasionally observ-ed

during inhalation of pure oxygen and the stimulation

of respiration observed in oxygen dcficiencv states

(21).

sinus, the supply of oxygenated blood to the glomus

caroticum may be impaired by the operative pro-

cedure. Furthermore, an increase in pressure within

the carotid sinus not only causes a stimulation of the

sinus nerve but can also lead to a higher flow rate

through the carotid body. The decrease in chemo-

receptive respiratory activation, resulting from better

oxygenation of this organ, could simulate a presso-

receptive respiratory inhibition.

An effect of the pressoreceptors on respiration can,

therefore, only be demonstrated when secondary

compensatory reflexes have been eliminated. This has

been attempted through the introduction of a blind

sack in the sinus, through the automatic compensa-

tion of variations on the systemic blood pressure, or by

allowing the experimental animal to breathe pure

oxygen (23). \Vith these procedures on cats and on

dogs stimulation of the carotid sinus receptors pro-

duces only slight changes in respiration (22, 74) ; but

even in these experiments one must consider the

possibility of secondary compensatory reflexes since a

strong expiratory inhibition is observed with the same

stimulation following vagotomy (22, 23). This dififer-

ence in the respiratory efTects of carotid sinus stimula-

tion in the vagotomized animals could be due to a

concomitant bronchoconstrictor efl"ect mediated

through the vagus ner\e (48, 201 ). .^n increase of

resistance in the air passages leads, through vagal and

other proprioceptive reflexes, to compensatory

changes in the respiration. Therefore, it is possible

that a secondary activation of respiration due to

bronchoconstriction is able to mask the inhibitory

effect of carotid sinus stimulation as long as the vagus

nerves remain intact. The inhibition can only tnani-

fest itself when, as a result of vagotomy, the broncho-

constriction fails to take place.'

Pressorecejilor Influence on Resjiiralion

The influence of the pressoreceptors on respiration

is less marked than that of the chemoreceptors. In

the dog, electrical stimulation of the aortic depressor

nerve (113) or the physiological stimulation of the

stretch receptors in the carotid sinus through increase

in the intravascular pressure leads to a decrease in

the respiratory frequency and amplitude or to respira-

tory arrest in expiration (98, 170). In general, there-

fore, an inhibitory influence of the pressoreceptors on

respiration has been assumed (11). However, this

assumption is not necessarily valid. For example,

Swedish authors point out that even when experi-

ments are carried out on the isolated perfused carotid

Proprioceptive and Protective Respiratory Reflexes

Under proprioccpti\e respiratory reflexes (in the

narrower sense) are included those reflexes which

have their origin in the respiratory muscles, the affer-

ent pathways for which do not run in the vagus nerve.

Tachographic in\estigations on man (64) and on dogs

and sheep (65) have disclosed a number of compensa-

tory respiratory reflexes against sudden changes of

resistance in the air passages. An increase in resistance

' The findings by Winder (,201) should not be interpreted as

an inhibition of central respiratory activity, since the plethys-

mographic methods used allow merely a measurement of the

How resistance to the artificial respiration.
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during the inspiratory phase leads to a lengthening of

the inspiration and a development of greater strength

in the inspiratory muscles. The converse is seen with

an increase in resistance during expiration. With sud-

den removal of an obstruction in the air passages, the

inspiration (or expiration) is reflexly shortened

and there is a reduced development of strength in the

respective respiratory muscles. The reflex is elicited

through stimulation of stretch receptors in the dia-

phragm (38, 57) and in the intercostal muscles. It is

also seen after bilateral vagotomy but is abolished by

combined severance of the vagus and phrenic nerves

and the posterior roots. The significance of these

proprioceptive reflexes is seen in a reflex adjustment

of the strength of the respiratory muscles to the flow

resistance in the air passages. Moreover, they are be-

lie\ed to reinforce the Hering-Breuer reflex.

.\ number of protective reflexes are able to block

respiration temporarily. The Ijest known of these

have their origin in the mucous membrane of the nose.

They have been designated trigeminal protective re-

flexes (116). Irritating suljstances, e.g. ciiloroform or

ether vapors, ammonia, tobacco smoke, acrolein,

phosgene or hydrogen sulfide (116, 128), provided

they do not penetrate beyond the upper respiratory

passages, cause a slowing of respiration in low con-

centrations, a respiratory arrest in higher concentra-

tions. These effects can lead to a complete cessation

of respiratory actixity so that electrical activity can be

demonstrated neither in the phrenic ner\e nor in the

fifth intercostal nerve which is normally active

in expiration (133). These protecti\e reflexes are

generally no longer present after seserance of the

trigeminal nerve. The occasional observance of con-

siderably weakened protective reflexes can be ex-

plained ijy the fact that expiratory reactions are also

obtainable by stimulation of the olfactory mucosa

(4, 5). However, the inhibitory respiratory reflexes of

olfactory origin are not as easily elicited as the activat-

ing olfactory reflexes since particularly aromatic and

balsamic substances evoke a cortical activation of

respiration (sniffing) in animals (6, 19). The sneezing

reflex can also be elicited from the nasal mucous

membrane (169). It can ije obtained in the rabbit

and in the cat by stimulation of the anterior nares, in

man by touching the anterior or posterior end of the

middle and inferior nasal conchae and corresponding

parts of the nasal septum. The afferent pathways run

in the ethmoidal branches of the nasociliary nerve.

A protective respiratory reflex occurring innumer-

able times every day takes place during swallowing.

It consists essentially in a closure of the nasopharynx

by the soft palate, a closing of the glottis and a raising

of the larynx. The resulting respiratory arrest can

occur in any phase of respiration. In animal experi-

ments, electrical stimulation of the superior laryngeal

nerve (181), or of the glossopharyngeal nerve (130),

has led to swallowing moveiuents and inhibition of

respiration. Light contact with the palatinal and

pharyngeal mucosa in the pentobarbiialized cat leads

to an acceleration of respiration; stronger stimulation

of the mucous membrane results in respiratory arrest

in expiration (186). More recentlv, a reflex influence

on respiration during the course of swallowing was

demonstrated in the cat in urethane anesthesia Ijy

recording action potentials from neurons in the me-

dulla which discharge synchronously with inspiration

(or with expiration) (104). However, the sequence of

the afferent and efferent impulses in the trigeminal,

glossopharyngeal and vagus nerves has been so little

investigated tliat only conjectures can be made about

the central mechanism of respiratory control during

swallowing.

One is probably dealing with a nociceptive reflex

when, in the rabbit (78), dog (17) and man (iiB), a

slowing of respiration or a respiratory arrest in ex-

piration is obtained Ijy stimulation of the afferent

fibers of the splanchnic ner\e. Occasionally an ex-

teroceptive influence on respiration has been demon-

strated, for example a deep inspiration, or respiratory

arrest, with stimulation of the skin by cold, and

respiratory activation (less often inhibition) with

painful stimuli.

Hyperpnea Associated with Muscular Activity

According to what has been said previously, the

nervous control of respiration has its origin in ponto-

meduUary centers located in the reticular substance.

Most of the neurons in the inspiratory center are

automatically active and exert a tonic influence on

the motoneurons of the inspiratory muscles. The de-

gree of automatic activity is dependent upon meta-

bolic processes; it is probably determined, above all,

by the partial pressure of carbon dioxide or the hy-

drogen ion concentration in arterial blood or both.

The continuous activity of the primary inspiratory

center is transformed into a rhythmic one through

medullary and pontine inhibitory processes, thereby

leading to the alternation between inspiration and

expiration. The respiratory rhythm is also controlled

from the lungs over vagopuliuonary (Hering-Breuer)

refle.xes. The activity of the medullary and pontine

respiratory centers does not, howexer, follow a rigid
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pattern; it is constantly being inhibited or facilitated

through central nervous, reflex or humoral influences.

Actually, the number of factors which can influence

respiration in the intact animal is so great that

virtually the entire organism can be said to con-

tribute something to the control of respiration.

The complexity of the problem is best illustrated

when one attempts to uncover the origin of the hy-

perpnea associated with muscular effort. This type of

hyperpnea has commanded the interest of investi-

gators for many years since very large respiratory

minute volumes can be measured. Yet this increase

in respiration cannot arise merely from a change in

composition of the blood gases—in the steady state, for

example, the arterial pCOa is lowered rather than

increased. From the very beginning of research on

this problem, four theories for the occurrence of

increased ventilation with muscular activity were

suggested. These have often been advocated even by

more recent investigators.

a) The assumption was made that working muscles

produce unknown metabolic products which stimu-

late the respiratory center, either directly or through

a reflex mechanism (9, 73, 79). .Such substances have

occasionally been designated as 'hyperneine,' but

their existence seems questionable (109).

b) It was suggested that 'work hyperpnea' could be

elicited, through a reflex mechanism, by afferent

impulses from active muscles and joints (61, 62, 82).

In the dog, for example, leg movements evoked by

stimulation of the ventral roots lead immediately to

hyperpnea. This fails to occur when the spinal cord

has been cut at the level of the tenth thoracic verte-

bra, or appears later in a weaker form—similar to the

reaction in the cat before spinal cord section. In a

similar manner, the hyperpnea produced in man
through passive mo\ements of the legs ma\' be

abolished by spinal anesthesia (45). The increased

ventilation elicited by electrical stimulation of affer-

ent fibers from joints and muscles (45, 60, 71, 210) also

argues for the possibility of a reflex activation of

respiration.

c) From the sudden onset of hyperpnea at the

beginning of increased voluntary activity, a direct

cortical influence on the respiratory center has been

inferred (117, 134).

(/) On the basis of excitability studies with carbon

dioxide, the assumption has been made that muscular

activity gives rise to a general enhancement in the

sensitivity of the respiratory center to chemical and

other stimuli (115, 117, 140). The more easily ex-

citable respiratory center could then be activated in

the presence of a lower pCOi in arterial blood. But

the nature of this increase in sensitivity is as little

understood as that of the greater sensitivity of the

respiratory center towards carbon dioxide which

occurs with acclimatization to high altitudes.

Considered alone, none of these suggested mech-

anisms entirely explains the occurrence of hyperpnea

in connection with muscular activity. Therefore, one

must assume that, in this case at least, chemical and

nervous influences are laoth in\olved. From a teleo-

logical point of view, such a complex method of

regulating respiration must be considered the more

suitable, for only in this way can a ventilation be

maintained which is capable of meeting widely

varving bodilv needs.
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Central cardiovascular control
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THIS SURVEY of ouf knowledge of the central nervous

control of the cardiovascular system must necessarily

omit discussion of important early works. The author

has felt obliged to present his own interpretation of

available data since space does not permit lengthy

discussion of different points of view. Although electro-

physiological data concerning the vasomotor ap-

paratus are meager, they will be specially emphasized.

In spite of notable advances in techniques for study

of the circulatory system and its nervous control since

Tigerstedt's (203) manual appeared in 1923, further

methodological development is a major need. Nervous

control must eventually be described in terms of

impulse traffic in afferent and efferent nerve fibers

and synaptic routing. Electrophysiological techniques

are still of limited value because of the small size of
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FIG. I . Diagram of sympathetic vasomotor pathways to

limbs. [From Richards (183).]

most of these fibers which makes their isolation and

identification very difiicuh. This deficiency in electro-

physiological knowledge is particularly to be re-

gretted since recording of cardiovascular responses

alone provides a very imperfect picture of the be-

havior of the neurons evoking them. Such responses,

because of their sluggishne.ss, do not reflect the eff'ect

of individual impulses in vasomotor nerves. In a

vasoconstrictor fiber an impulse frequency as low

as I to 2 per sec. is sufficient to produce a tonic

contraction of the vessel wall.

It should be emphasized that variations in arterial

pressure provide only a very limited picture of the

peripheral vasomotor pattern. As Rein (182) often

pointed out, major variations in the distribution of

blood flow occur without any change in the arterial

pressure level. Thus, stimulation of the hypothalamus

activates the sympathetic vasodilator outflow causing

a manifold increase in muscle blood flow. Since cu-

taneous and splanchnic constriction is also evoked,

the total peripheral resistance and the arterial pres-

sure are not altered (75).

Another limitation in much experimental work

has been the use of anesthetized animals in which

results probably are distorted by the absence or dis-

tortion of nervous compensatory mechanisms pre-

sumably active in conscious animals. Supplementary

experiments in the absence of anesthesia are badly

needed.

Thus, broadly speaking, the experimental basis o

our knowledge of central cardiovascular control is

weak in that it derives to a considerable extent from

indirect and often inaccurate methods which have

seldom lent themselves to quantitative evaluation of

the nervous processes mediating this control.

EFFERENT P.^THW.AVS

Symjiatluiu- I 'osncnnstruior .\crres

PERiPHER.^L DISTRIBUTION. The thoracolumbar sympa-

thetic outflow distributes vasoconstrictor fibers to

blood vessels throughout the body, both on the ar-

terial and on the venous side. Only the capillary bed,

the area between the precapillary sphincters and the

venules, is considered to be devoid of an efferent in-

nervation (and also contractile elements).

The pre-postganglionic relay stations for the bulk

of the preganglionic outflow to the skeletal muscles

and skin are in the paravertebral ganglia. The post-

ganglionic fibers pass in the grey rami communicantes

to the spinal nerves and ramify with the latter to

their peripheral destinations. The diagram in figure

I shows schematically the course of the vasoconstrictor

outflow to the extremities. The intracerebral relay

stations are not completely indicated. The proximal

portions of the blood vessels of the extremities, the

visceral vessels in the abdomen and the cerebral

vessels receive the main part of their vasoconstrictor

innervation directly from the postganglionic fibers

running along the vessels. For particulars of the

segmental distribution of the vasomotor innervation,

reference should be made to manuals such as that of

McDowall (162, 163).

Considerable interest attaches to the repeated re-

ports, in recent years, of 'intermediary' sympathetic

ganglia. Sympathetic ganglion cells have been histo-

logically demonstrated in close connection with the

ventral roots. Postganglionic fibers from such aberrant

ganglion cells do not necessarily pass via the sympa-
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thetic paravertebral ganglia and hence are not

reached on extirpation of the latter [VVrete (226-228),

Pick & Sheehan (174), Alexander et al. (11), Boyd &
Monro (38), Randall et al. (178)]. A greatly reduced,

though functional, central vasoconstrictor control

might therefore persist even after 'total' sympa-

thectomy. If so, then we would have an explanation

of some obscure earlier observations of extremely slight

but undoubted carotid sinus reflex responses per-

sisting after "sympathectomy' [e.g. Bacq et al. (22)].

CHEMICAL TRANSMISSION. This article is not the place

for extensive discussion of chemical transmission prob-

lems; the more so as Clhapter VII of this Handbook

by von Euler is devoted to this subject; in addition,

several very instructive reviews have been published,

such as those of von Euler (207-210) and Holtz (129).

Only a few words will be said about the chemical

transmitter at the vasoconstrictor nerve terminals.

Norepinephrine is considered to be the main

transmitter at postganglionic adrenergic nerve ter-

minals. As regards the vasoconstrictor nerve terminals,

however, the evidence that norepinephrine is the

transmitter is indirect and rests chiefly on our knowl-

edge of the vascular effects of norepinephrine and

epinephrine.

Epinephrine and norepinephrine both have a pure

vasoconstrictor action on some vessels, e.g. those of

the skin and intestines. In skeletal muscle vessels epi-

nephrine has a dual action. In low concentrations it

has a vasodilator, in higher concentrations a vaso-

constrictor, action. Under the influence of sympa-

tholytic drugs, such as ergotamine, the vasoconstrictor

action is blocked and even high doses of epinephrine

produce vasodilatation. Norepinephrine, on the other

hand, has a purely constrictor effect even on skeletal

muscle vessels. Its vasoconstrictor effect is completely

blocked by sympatholytic drugs without any vaso-

dilator action emerging, as shown by Hartman (114),

Clark (59), Folkow et al. (83) and Youmans et al. (230).

Folkow & Uvnas (90, 91) presented experiments

on cats to show that the transmitter liberated by

vasoconstrictor reflexes was devoid of a \'asodilator

action on blood vessels. In contrast to the constrictor

effect of epinephrine, but in common with that of

norepinephrine, the action of the vasoconstrictor

transmitter could be completely blocked but not re-

versed by sympatholytic drugs. Hence the transmitter

could not plausibly be identified with epinephrine,

but was probably norepinephrine. The obserxation

by Schmiterlow (190) that the arterial walls contain

almost solely norepinephrine is consistent with such

an assumption.

In the opinion of Lundholm (158) the vasodilator

effect of epinephrine is secondary to lactic acid pro-

duction caused by epinephrine in the muscles. The
vasodilatation is thought to be produced by the accu-

mulated lactic acid. It should be borne in mind,

however, that conclusions as to the chemical nature

of the transmitter substance which are based on ob-

servations of its vascular effects after intravenous or

intra-arterial administration do not possess any

major evidential value. In contrast to intravascularly

administered epinephrine, the epinephrine which,

under physiologic conditions, is liberated at the vaso-

constrictor nerve terminals, does not diffuse into the

surrounding skeletal muscle but probably has merely

a local action round the site of the neuroeffector

junction. Such a local vascular effect of epinephrine

might well be exclusively vasoconstrictor. [For further

information, see Folkow et al. (83) and von Euler

(210).]

The chemical transmission at the coronary vaso-

constrictor nerve terminals has been the subject of

extensive discussion. Since both epinephrine and

norepinephrine given intravascularly lead to an in-

creased coronary blood flow, it has been considered

that they cannot be transmitter substances at vaso-

constrictor nerve terminals. It has consequently been

repeatedly hypothesized that the coronary vessels

are supplied by parasympathetic vasoconstrictor

nerves with acetylcholine as transmitter [Anrep &
Segall (17), Gollwitzer-Meier & Kriiger (loi), Esse.x

et al. (79), Gregg & Shipley (iio)]. Since both epi-

nephrine and norepinephrine, on intravascular ad-

ministration, produce a substantially increased myo-

cardial activity which is known to lead to an elevated

coronary flow, it is possible although not proved that

norepinephrine might have a purely constrictor effect

if it could be injected locally into the coronary wall

muscle without diffusing into the cardiac tissue.

Several authors, such as Greene (108), asserted

that the vagus nerves contain adrenergic fibers to the

heart. In addition to accelerator fibers the vagal ad-

renergic outflow might contain coronary constrictor

fibers, as suggested by Greene. Acetylcholine has a

marked vasodilator action on the coronary vessels,

according to Folkow et al. (84), and cannot serve as

a constrictor mediator. It is plausible, therefore, to

assume for the time being that norepinephrine or

(less probably) epinephrine is the transmitter at the

coronars constrictor ner\'e endings. The coronary
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%ioor

PHYSIO- DISCHARGE RANGE

FIG. 2. The correlation between stimulation rate and con-

strictor response in about 40 experiments. The spread between

the different experiments indicated by the traced surface. A

represents the aserage of 10 experiments where the constrictor

responses were especially marked. B indicates how the correla-

tion between constrictor response and stimulation rate is

changed when \ascular tone is reduced by vasodilator drugs.

[From Folkow (80).]

innervation i.s further discussed by Gregg (109),

Folkow et al. (81) and von Euler (210).

PHYSIOLOGIC PROPERTIES AND IMPULSE FREqUENCY.

The preganghonic fibers are regarded as myehnated

B fibers, and the postganglionic as nonmedulated C
fibers. According to Maltesos & Schneider (160)

there is a not inconsiderable variation in fiber di-

ameters. On stimulation of \asoconstrictor fibers

in the sympathetic chain of dogs, the distribution of

the threshold values showed a tendency to accumu-

late around certain values suggestive of a grouping

around certain fiber diameters.

Since the vasomotor fibers are of B and C type,

they might be expected a priori to show a low firing

frequency under physiologic conditions. Available

experimental data confirm that this is the case. The

series of beautiful experiments conducted by Bronk

and co-workers in the 1930's is still the most important

contribution that has been made to electrophysiologic

data on the central cardiovascular control. Bronk

et al. (39) determined the transmission rate in post-

ganglionic cardiac fibers to range from 0.6 to 1.5 m
per sec. The recorded action potentials varied in

magnitude, but not infrequently amounted to 50

ixv, a fact indicating a synchronous activity in groups

of postganglionic fibers. This grouped activity is dis-

cussed in further detail on page 1141. In single fiber

preparations from the cervical sympathetic trunk,

the authors observed impulse frequencies in pre-

ganglionic fibers ranging from i to 2 up to i o to 1

5

per sec, a frequency tiiat was seldom exceeded.

Folkow (80), Girling (looj, Celander & Folkow (53),

Celander (51) and Folkow et al. (86) have indirectly

reached similar conclusions.

Girling stimulated the cervical sympathetic trunk

in rabbits and found that the degree of vasoconstric-

tion in the ear was a function of the frequency of the

stimulation. The effective range of frequency was from

0.5 to 60 stimuli per sec, with approximately 25 per

sec. giving the maximum effect. The relation of re-

sistance to flow was such that a small change of fre-

quency could produce a marked change in the re-

sistance to flow. Girling also noted that the higher

the frequency of stimulation and the more pronounced

the vasoconstriction, the higher was the critical

closing pressure.

Folkow studied the correlation between frequency

of stimulation and vasoconstrictor response on stim-

ulating the lumbar sympathetic chain and recording

the blood flow in the skeletal muscles of a hind limb

in the cat. An increase in frequency of the stimuli from

o to 6 impulses per sec. resulted in an almost linear

rise of the peripheral resistance and a vasoconstriction

amounting to 80 to 85 per cent of the maximal effect.

Virtually maximal vasoconstriction was obtained at

a frequency of stimuli of 10 impulses per sec (fig. 2).

Celander & Folkow (53) observed in cutaneous vessels

of the cat that 2 stimuli per sec. already increased

the peripheral resistance 15- to 20-fold; between 6

and 10 stimuli per sec. there was a steep rise of the

peripheral resistance; the curve then flattened and

maximal values of i oo-fold were found at a frequency

of 15 to 25 per sec. Folkow and co-workers (86) re-

ported a similar hyperbolic relation between the

frequency of stimuli and the degree of effector response

on stimulation of accelerator fibers to the heart, go

per cent of the maximal acceleration effect having

appeared at 8 to 10 irnpulses per sec.

Folkow (80) further reported that a reflex vaso-

constrictor response elicited by occluding the common

carotids in the cat disappeared within 4.5 to 5 sec.

after release of the vessels. Vasoconstriction produced

by stimuli with frequencies below 6 to 8 per sec.

similarly disappeared within 4.5 to 5.5 sec. after

cessation of the stimulation. On stimulation with

frequencies exceeding 6 to 8 per sec, the latent period

for abolition of the vasoconstriction increased; Folkow

attributed this to a local accumulation of abnormally

large amounts of vasoconstrictor transmitter substance

which took longer to be eliminated at the nerve ter-

minals at the.se excessively high impulse frequencies.

Since an impulse frequency of 6 to 8 per sec. is the
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highest that fails to produce any abnormal post-

stimulatory prolongation of the vasoconstrictor re-

sponses, Folkow concluded that the physiologically

occurring peripheral vasomotor discharge rate ex-

ceeded 6 to 8 impulses per sec. only in exceptional

cases.

The direct recordings of Bronk et al. are strikingly

consistent with the indirect observations made by

Folkow et al. and Girling. Maximal effects of stimula-

tion may appear at impulse frequencies of around 10

per sec. and normal effector activity maintained with

I to 3 impulses per sec, although this may require

supramaximal stimulation and simultaneous dis-

charge of all postganglionic fibers.

The fact that all blood vessels have a vasoconstrictor

innervation does not mean that vasoconstrictor tone

is evenly distributed in the various vascular beds.

The general opinion is that this tone is especially pro-

nounced in the splanchnic vessels, but its existence in

cutaneous and muscle vessels is evident from the

simple fact that the blood flow increases considerably

in those vascular areas with sympathectomy. In other

vascular areas, such as the cerebral region, vasocon-

strictor tone is considered to be slight.

It is not known whether the varying degrees of

tone in different vascular areas may be due to varying

frequencies of the vasoconstrictor discharge thereto

or to other factors. Celander & Folkow (53) have

pointed out that quantitative differences in the vaso-

constrictor innervation apparently exist between, for

instance, cutaneous and muscle vessels. Stimulation

of the abdominal sympathetic chain increased the

peripheral resistance 9.5 to 10 times in the muscle

ves.sels, but up to 100 in the cutaneous vessels. In the

opinion of Celander & Folkow, these quantitative

differences in the responses were probably due to a

more abundant va.soconstricior innervation to the

cutaneous than to the mu-scle vessels.

Sympathetic Vasodilator Nerves

Electrical stimulation of sympathetic fibers usually

brings about vasoconstriction in the innervated area,

even if the stimulated outflow contains both vaso-

constrictor and vasodilator fibers, since the action

of the former predominates. By special techniques,

such as the use of stimuli of certain characteristics and

physostigmine, it may be possible to produce a vaso-

dilator effect [Biilbring & Burn (44), Folkow & Uvnas

(90, 91)]. The vasodilatation obtained is, however,

usually slight and transient. Better results are yielded

bv observations on animals treated with erafotamine

or other sympatholytic drugs. If the sympathetic

outflow contains vasodilator fibers, electrical stimula-

tion is then able to produce manifest vasodilatation,

because when the action of the released vasoconstrictor

transmitter is blocked that of the vasodilator trans-

mitter is unmasked.

Uvnas and associates (75, 76, 149, 152) have lately

succeeded in activating sympathetic vasodilator nerves

in cats and dogs by topical stimulation in the brain,

using the Horsley-Clarke technique which allows ob-

servations without previous administration of sympa-

thicolytic agents.

PERIPHERAL DISTRIBUTION, a) Skeletal muscles. Sympa-
thetic vasodilator nerves were shown to run to the

muscles of the hind legs of the dog and cat by Biilbring

& Burn (44), Folkow & Uvnas (90, 91), Frumin et al.

(93), Youmans et al. (230) and po.ssibly of the hare

[Biilbring & Burn (47)] and fox (unpublished ob-

servations). Other animals, e.g. the rabbit and mon-
key, were claimed to lack such nerves.

Barcroft and co-workers (25) noted an increase of

the human forearm blood flow during fainting. Since

the arterial pressure fell at the same time and the blood

flow was shown to be greater in a normal forearm than

in a nerve-blocked forearm, sympathetically-mediated

active vasodilatation was suggested to occur in tlie

normal forearm.

b) Coronary vessels. The sympathetic outflow to the

heart is commonly assumed to contain coronary dila-

tor fibers since electrical stimulation of the stellate

ganglion or of the cardiac nerves has been observed

to cause an increase in the coronary flow [Gollwitzer-

Meier & Kriiger (loi), Greene (108), Katz & Jochim

(138), Gregg & Shipley (no), VVinbury & Greene

(225) and others]. Circumspection is required, how-

ever, in the interpretation of these observations, for

stimulation of the sympathetics to the heart brings

about acceleration and an increase of the contractile

force of the heart and hence an increase in the metab-

olism of the heart muscles. This in itself will increase

the coronary blood flow, probably due to the ac-

cumulation of metaijolites with a vasodilator action.

Gregg & Shipley (iio) reported that electrical stimu-

lation of the sympathetic nerves to the heart produced

an increase in the coronary flow without a con-

comitant acceleration of the heart. This observation

suggests that sympathetic vasodilator fibers run to the

coronary vessels. Katz & Jochim (138) are alone in

assuming that cholinergic vasodilator fibers to the

coronaries run in the vagus. An extreme view is held

by Eckenhoff (73) who claims that the coronary
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vessels are devoid of nervous regulation. The coronary

blood flow would consequently be regulated only by

the metabolic need of the heart.

() Skin. Bill bring & Burn (46) have claimed that,

in contrast to other cutaneous areas, the vessels of the

ear have a sympathetic vasodilator nerve supply since

stimulation of the cervical sympathetic caused a slight

increase in the volume of the ear in the ergotaminized

dog. Folkow and co-workers (82), however, also

stimulating the cervical sympathetics, were unable to

convert a vasoconstrictor response in the ear into a

vasodilator response, even with the use of huge doses

of ergotamine or Dibenamine. A possible explanation

of the divergent results is the different techniques used

for recording the blood flow. Uvnas el al. measured

the venous outflow from the distal part of the ear

while the plethysmographic technique of Biilbring &
Burn revealed volume changes not only in cutaneous

areas but also in the muscles at the base of the ear.

d) Intestines. The assumption that the splanchnic

nerves carry vasodilator fibers to the intestines of the

dog and cat is based on the observation of Biilbring &
Burn (46) that stimulation of a splanchnic nerve

causes an increase in the volume of an intestinal loop

enclosed in a plethysmograph. Folkow et al. (83) con-

firmed that stimulation of a splanchnic nerve was

able to induce a slight increase of the intestinal venous

outflow in an ergotaminized cat. The latter writers

attributed the increase in blood flow not to activation

of vasodilator nerves, but to changes in the peripheral

vascular resistance caused by relaxation of intestinal

muscle

From the available experimental evidence dis-

cussed above, Uvnas et al. concluded that a sympa-

thetic vasodilator supply in the dog and cat was pres-

ent in the striated muscles and possibly the heart,

but not in the intestines and the skin. Figure 10 illus-

trates the present writer's view of the central and the

peripheral distribution of the sympathetic vasodilator

outflow.

Cannon et al. (48) recently questioned whetiier all

va.sodilator eflfects observed on activation of the sym-

pathetic nerves might not be due to a decrease of

vasoconstrictor tone since direct stimulation and re-

flex activation of the sympathetic outflow might some-

times be accompanied by poststimulatory inhibition

of the tonic discharge in postganglionic fibers. A
similar poststimulatory inhibition was observed by

Bronk et al. in the inferior cardiac nerves after hypo-

thalamic stimulation. Tiie observations are interest-

ing, but their physiologic implications are quite un-

known.

The occurrence of poststimulatory inhibition of the

tonic sympathetic cardiovascular discharge does not

warrant the a.ssumption that no vasodilator nerves

exist. It is not possible, for instance, to class as post-

stimulatory inhibition those vasodilator responses in

skeletal muscle to intracerebral stimulation that are

potentiated by physostigmine and completely abol-

ished by atropine, or that can be elicited by post-

ganglionic stimulation after degeneration of pre-

ganglionic fibers.

CHEMic.'iiL TRANSMISSION, a) Skeletal muscles. As long as

all sympathetic postganglionic neurons were believed

to be adrenergic and epinephrine to be the sole trans-

mitter substance at sympathetic postganglionic nerve

terminals, it was logical to assume that epinephrine

was also the transmitter at sympathetic vasomotor

nerve terminals, both vasoconstrictor and vasodilator.

After the discovery of cholinergic fibers in the sympa-

thetic postganglionic outflow [Dale & Feldberg (78)],

it was not surprising, however, to learn that in the dog

the sympathetic vasodilator nerves to facial muscles

[von Eulcr & Gaddum (211)] and to muscles of the

hind legs [Biilbring & Burn (44)] were regarded as

cholinergic. These claims were based on the fact that

in both areas stimulation of the sympathetic nerves

caused contractions of muscles deprived of somatic

motor innervation. In the hind legs of the dog, the

vasodilator effects were augmented ijy physostigmine

and blocked by atropine. Since in tiie hind legs of the

cat, vasodilator responses occurred only in ergot-

aminized animals and were not significantly in-

fluenced by physostigmine and atropine, cat vasodila-

tor fibers were believed to be adrenergic, epinephrine

being the chemical mediator.

Following the demonstration by Roscnblueth &
Cannon (184) that the abdominal sympathetic nerves

contained both adrenergic and cholinergic vasodilator

fibers, Biilbring & Burn (45) demonstrated cholingeric

vasodilator fibers to the hind legs of the cat since they

observed a feeble Sherrington phenomenon in a de-

nervated leg on stimulation of the abdominal sympa-

thetic chain. A similar observation had already been

made in 1933 by Hinsey & Cutting (125).

Uvnas et al. (gi, 92) reached the conclusion that

the sympathetic vasodilator nerves to the skeletal

muscles of the cat were exclusively cholinergic since

the vasodilator responses in the hind legs to stimula-

tion of the abdominal sympathetic chain and to

intracerebral stimulation were potentiated jjv phvso-
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stigmine and abolished by atropine, and since acetyl-

choline appeared in the perfusate from physostig-

minized legs, as had previously been shown to occur

in the dog.

h) Coronary vessels. The sympathetic coronary vaso-

dilator nerves are conventionally assumed to be

adrenergic. It is indisputable that epinephrine in-

creases the coronary blood flow, even on intracoronary

injection. Moreover, many workers have demon-

strated that stimulation of the stellate ganglion or of

the cardiac sympathetic nerves increases the coronary

output. Atropine does not abolish this eflFect. However,

epinephrine as well as sympathetic stimulation in-

creases the activity of the heart. Consequently, it

cannot be ruled out that the increased blood flow may
be secondary to the increased muscle metabolism

as it is in the skeletal muscle during exercise.

Acetylcholine dilates the coronary arteries [Ecken-

hoff et al. (74), Folkow et al. (84), and the sympathetic

nerves carry cholinergic fibers to the heart in the cat

and dog [Gollwitzer-Meier & Kriiger (loi), Folkow

et al. (81)]. These observations suggest that the coro-

nary vasodilator fibers—if such fibers exist—may be

cholinergic.

c) Conclusion. No positive evidence has been pre-

sented to show that epinephrine is a nervous mediator

of vasodilator effects. Until the existence of adrenergic

vasodilator fibers has i)een experimentally established,

they are better omitted from the discussion. [This

question has been discussed in greater detail by

Folkow & Uvnas (92).]

PHYSIOLOGIC PROPERTIES AND IMPULSE FREQUENCV.

No direct ob.servations have iieen made regarding the

diameters and transmission properties of fibers in the

sympathetic vasodilator outflow since it has not yet

been possible to identify or isolate such fillers. It is

plausible by analogy to assign the preganglionic fibers

to group B and the postganglionic fibers to group C.

Maltesos & Schneider {160, 161) stimulated the

abdominal sympathetic chain in dogs and observed

an increased blood flow in the femoral vein. A con-

centration of the chronaxie values for vasodilatation

around figures between o. i and 6 msec, was attributed

to the presence of vasodilator fibers of varving di-

ameters.

Experimenting on cats, Folkow & Gernandt (85)

reported an increased outflow of impulses recorded

from fine strands of the peroneal nerve running to

the muscles of the hind limb, closely associated in time

with the vasodilator effect in the muscle caused by

hypothalamic stimulation. This discharge was as-

sumed to reflect the activity in small postganglionic

nonmyelinated sympathetic vasodilator fibers. The
voltage of the spikes was too low to allow any detailed

analysis of the discharge.

Studies on the relation between the impulse fre-

quency and the degree of vasodilatation were carried

out by Folkow (80) in the hind-leg muscles of the

cat by stimulating the abdominal sympathetic chain

after administration of dihydroergotamine to block

the vasoconstrictor eflTects of the stimuli. It was found

that dilatation already occurred at a stimulation rate

of I per sec. With a frequency of 6 per sec. the dilata-

tion was very marked with more than a fivefold in-

crease of the blood flow, while at 1 2 per sec. a maximal
vasodilator response appeared. Atropine completely

blocked the vasodilatation, thus proving it to be due

to activity in cholinergic vasodilator nerves.

The meager experimental evidence available con-

cerning the physiologic properties of the sympathetic

vasodilator nerves accordingly suggests properties

resembling those of the vasoconstrictor nerves. The
physiologic firing rate can be assumed to be rather

low, up to about 10 per sec. As far as is known, no

tonic discharge occurs in the sympathetic vasodilator

outflow.

Parasympalhetic I'asoddator \erves and Cardiac Vagus

PERIPHERAL DISTRIBUTION. Parasympathetic va.sodila-

tor nerves are considered to run in the chorda tympani

to the tongue and glands of the oral cavity, and in the

sacral autonomic outflow to the genitals and, possibly,

to the urinary bladder and rectum. Investigations

recently reported by Hilton & Lewis (122-124) show,

however, that the vasodilatation observed in the sub-

lingual gland on stimulating the chorda tympani

probably is produced by bradykinin formed by the

activated gland. There is no need to postulate a sepa-

rate vasodilator innervation. As regards the tongue,

stimulation of efferent fibers in the chorda tympani

elicits a very marked increase in the venous outflow.

Since this vasodilator effect cannot be ascribed to in-

creased metabolic activity, one has to a.ssume that it

is due to acti\'ation of va.sodilator fibers.

Vasodilator fibers are claimed to run in tiie facial

nerve [Cobb & Lennox (60)] and the trigeminal nerve.

The reports on the course and origin of the.se fillers

are unreliaijle. It is not clear whether they are efferent

fibers, or afferent fibers capable of antidromic trans-

mission of vasodilator impulses. Vagal vasodilator

fibers are said to supply the liver blood vessels [Gins-

burg & Grayson (gg)].
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CHEMICAL TRANSMISSION. Acetylcholine is believed to

be the transmitter at all parasympathetic nerve end-

ings. Bacq {21) found, in conformity with this view,

that vasodilatation produced in the canine penis by

stimulation of the sacral nerves was potentiated by

physostigmine and blocked by atropine. It is worthy

of note that vasodilatation elicited in the tongue by

stimulation of the chorda tympani [Erici & Uvnas

(78)] is not blocked by atropine. The cause of this re-

sistance to atropine is unknown, and further investiga-

tions into the chemical transmission at vasodilator

nerve terminals might be well worthwhile.

PHYSIOLOGIC PROPERTIES. Very little is known aljotu

the physiologic properties of the parasympathetic

vasodilator fibers. Stimulating the lingual ner\e of

dogs with sinusoidal waves, Maltesos & Schneider

(161) found vasodilator fibers with various time con-

stants. The clironaxie values varied between o. i and

6 msec, with a tendency to grouping around four

values, 0.2, 0.8, Q.3 and 5.5 msec.

The pliysiologic range of the discharge rate is un-

known, but it seems reasonable to assume that the

relation between firing frequency and vasodilator

effect is about the same for the parasympatlietic vaso-

dilator fibers as for the other efferent \asomotor

nerves.

Heinbecker & Bishop (115) reported that in the

turtle vagus impulses having a negative inotropic

effect passed along the fine myelinated B3 filaers,

whereas a negative chronotropic action was obtained

on activ'ation of unmyelinated C fillers. In the cat the

negative inotropic fiijers may be mostly, and the nega-

tive chronotropic fibers are always, thin myelinated

fillers. The cardiac efferent fibers are thus \ery fine

and their potentials are difficult or impossible to

record. Schacfer (188) was occasionally able to see

spontaneous volleys of slow impulses of low voltage

in B fibers. He ol)ser\ed a rhvthmicitv in the discharge

which, according to him, reflected the effect of the

afferent cardiac impulses (jn tiie medullarv cardio-

va.scular center.

CENTRAL REPRESENTATION OF VASOCONSTRICTOR

AND CARDIAC NERVES

Spinal Cord

SPINAL VASOMOTOR TONE. As far back as 1864, Goltz

(102) demonstrated convincingly that nervous vaso-

constrictor tone was present in a spinal animal. The

nervous structures responsible for this tonic discharge

are located in the lateral horn.

Govaerts (103-105) and Alexander (6j reported

direct recording of the activity in the sympathetic

cardiac outflow of spinal animals. Both of them found

a persisting discharge after section of the buffer nerves

(the sinus and vagus nerves). A surprising observation

was Alexander's finding that a continuous discharge

still occurred in the inferior cardiac nerve fibers after

total deaiTerentation of the thoracic spinal cord. The
cord was transected in the lower cervical and mid-

thoracic regions. In addition, all afferent fibers to

the isolated thoracic part of the cord were cut. The
tonic activity of this spinal preparation was fairly

slight but unquestionable. It was depressed by hyper-

\'entilation or by ventilation with a mixture of 90

per cent oxygen and 10 per cent carbon dioxide, and

stimulated by asphyxiation or ventilation with pure

nitrogen. Alexander therefore suggested that even in

the normal animal the oxygen tension may con-

tribute to the excitatory states of the spinal cardio-

vascular centers and thereby reinforce the buffer

reflexes that are integrated at higher levels of the

nervous system. This idea is at variance with the com-

monly accepted notion that the carbon dioxide ten-

sion is the main local chemical factor e.xciting the

vasomotor centers.

SPINAL V-^sOMOTOR REFLEXES. Numerous workers have

observed segmental and intersegmental vasomotor

reflexes in both acute and chronic spinal animals.

Brooks (43) observed increments of arterial pressure

and heart rate while Downman & McSwiney (72)

found pressor responses to nociceptive stimuli in the

acute spinal cat.

In spinal man, Gilliatt and co-workers (98 1 ob-

served that deep inspiration elicits vasoconstriction

in the fingers both in intact subjects and in patients

with a complete break in the functional continuity

of the spinal cord above the level of the sympathetic

outflow to the hands. Distention of the urinary bladder

similarly elicited vasoconstriction in the fingers.

Increase of the arterial pressure in the spinal dog

results in an increase of the volume of the spleen

[Heymans et al. (119)]. Heating of an extremity in

spinal monkeys was reported to elicit cutaneous

va.sodilatation contralaterally [Fulton (94)]. Since

the abdominal viscera and the skin of the animals ob-

served have no centrally controlled vasodilator nerve

outflow (see p. 1136), the observations point to the

presence of vasoconstrictor inhibition in the spinal

animals.
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The examples adduced abo\e show that the spinal

cardiovascular neurons are capable of maintaining

a tonic discharge even when all communications with

supramedullary regions have been severed and of

responding to afferent impulses with segmental and

intrasegmental adjustments of the vasoconstrictor

tone.

The extent to which spinal vasomotor reflexes are

active within the intact organism, with its dominant

supramedullary influences, is unknown. However,

spinal viscerocutaneous reflexes have been observed

both in intact animals and intact human beings.

Kuntz (142) observed vasodilatation and vasocon-

striction, respectively, in the small intestine of un-

anesthetized white rats on heating and cooling of the

caudal half of the thoracic region. Viscerocutaneous

vasoconstrictor reflexes can be elicited in man [Adams-

Ray et al. (1-5)]. Restricted pallor of the abdominal

skin occurred on distention of the urinary bladder in

cholecystitis, pancreatitis and other infections. Stiirup

(199) observed localized cutaneous pallor on disten-

tion of the esophagus.

DESCENDING SPINAL VASO.MOTOR PATHWAYS. Excitatory

impulses pass from the medulla oblongata to the

spinal vasomotor neurons in the ventrolateral column,

inhibitory impul.ses in the dorsolateral coluinn [Suh

et al. (200), Chen et al. (58), Lim et al. (148), Harrison

et al. (113), Wang & Ranson (218, 219J, Alexander

(7)]. On the spinal vasomotor neurons there also

converge excitatory and inhibitory pathways from

suprabulbar levels, including the mesencephalon and

the hypothalamus. Such pathways can pass through

the medulla oblongata without having synapses there

(seep. 1 147). The excitatory and inhibitory influences

of medullary and supramedullary regions on the

spinal vasomotor neurons will be discussed in greater

detail on page 1141.

Medulla Oblongata

HISTORY AND NOMENCLATURE. As was first recognizee!

by Dittmar (64), Owsjannikow (169) and other

members of the Ludwig school in Germany, the in-

tegrity of medullary structures is essential for the

maintenance of normal cardiovascular tone. As early

as 1 90 1, Bayliss (26-28) introduced his dualistic vaso-

motor center theory, according to which the vaso-

motor tone was governed by the activity of two medul-

lary centers, a vasoconstrictor and a vasodilator

center, acting reciprocally. These two centers were

thought to be tonically active, the former governing

a vasoconstrictor and the latter a vasodilator nerve

outflow, Bayliss' theory, which was further elaborated

in a monograph of 1923 (29), dominated scientific

discussion for several decades. Even though Bayliss'

argumentation has been fully confuted by later ex-

perimental observations, several authors of textbooks

and manuals still subscribe to his theory.

In the second and third decades of this century a

number of investigators Ijy exploratory topical stim-

ulation of the medulla oblongata charted some more

or less limited regions at the base of the fourth ven-

tricle which were found to be more responsive than

other portions of this structure. Regions which on

stimulation produced rises or falls of arterial pressure

were assumed, in conformity with Bayliss' theory, to

constitute the postulated vasoconstrictor and vaso-

dilator centers [Ranson & Billingsley (180), Scott &
Roberts (193) and several others].

Experimental evidence available today, as will be

discussed in the following, suggests that the medullary

control of vasomotor tone is effected solely via vari-

ations in the vasoconstrictor discharge and not via

alterations in vasodilator nerve activity. Modern
authors speak of medullary pressor and depressor re-

gions in order to make clear that they affect the vaso-

constrictor tone and hence the arterial pressure by

excitation and inhibition, respectively, of the spinal

vasoconstrictor neurons.

LOC.'KTION OF PRESSOR AND DEPRESSOR REGIONS. Ex-

ploratory stimulation of the medulla oblongata witii

the Horsley-Clarke technique has shown that the

pressor region comprises an extensive zone within the

lateral reticular formation, with its principal extension

in the rostral two thirds of the bulb. A depres.sor area

is localized to the medial reticular formation and ex-

tends chiefly into the caudal third of the bulb [Suh

et al. (200), Chen et al. (58), Monnier (164), Wang &
Ran.son (218, 219), Alexander (7), Bach (20)].

TONIC ACTIVITY OF PRESSOR AND DEPRESSOR REGIONS.

The importance of the medullary pressor area for

tonic cardiovascular discharge was demonstrated

with an electrophysiologic technique b\' Alexander

(7). In chloralosed or decerebrate cats he recorded

a continuous discharge in the inferior cardiac nerves

and in the cervical s\inpathetic (fig. 3.-!, Section I).

Transection of the medulla oblongata just rostral to

the obex, a procedure which cut off most of the pressor

area froin its descending connections but left the de-

pressor area more or less intact, produced an equiva-

lent reduction in arterial pressure and in cardio-
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accelerator tonic discharge in the inferior cardiac

nerves (fig. 3,-l, Section II).

Alexander further showed that the depressor area,

too, probably is tonically active, exhibiting a con-

tinuous inhibitory influence on the spinal cardio-

vascular neurons. Transection at the level of C i

,

secondary to the above-mentioned transection just

above the obex, resulted in an increased tonic dis-

charge in the inferior cardiac fibers, indicating a

release from a tonic inhibitory influence (fig. 3.'!,

Section III).

If Alexander's observations are correctly inter-

preted, we should tiius have a steady stream of ex-

citatory impulses from the pressor area and inhibitory

impulses from the depressor area, bomljarding the

spinal vasoconstrictor neurons. The intensity of the

spinal cardioxascular tonic discharge would accord-

ingly be the result of the balance between these ex-

citatory and inhibitory medullary discharges project-

ing on the final common path—the preganglionic

\ asoconstrictor neuron. This hypothesis has the

advantage of being rather simple and therefore at-

tractive, but it needs experimental confirmation.

According to Lim el al. (148) the influences of the

pressor and depressor areas are not confined solely

to the spinal vasomotor neurons. They speak of a

myelencephalic excitatory and a myelencephalic in-

hibitory center with excitatory and inhibitory in-

fluences on all spinal sympathetic preganglionic

neurons [Suh et al. (200), Chen et al. (55-58), Lim

et al. (14B), Harrison et al. (113), Wang & Ranson

(218, 219), Alexander (7)].

FIG. 3. A {upper): Artfiial pressure and tonic activity in the

inferior cardiac nerve of an unanesthetized decerebrate and
decerebellate cat. Sections indicated refer to transections of

the brain stem at the levels shown in part D of fig. 3B. Amount
of amplification of nerve potentials indicated relative to con-

trol level. Scales at left give arterial pressure in mm Hg. Time
signal in all recordings gives 0.2 sec. intervals. [From Alexander

(7).] B (lower) : Localization of pressor and depressor centers

in the brain stem of the cat. Pressor regions indicated by cross

halcliing; depressor regions by horizontal ruling, .i to C: Cross

sections through the medulla at levels indicated by guide lines

(I to ///) in D. D: Semidiagrammatic projection of pressor and
depressor regions onto the dorsal surface of the brain stem

viewed with the cerebellar peduncles cut across and the cere-

bellum removed. AT, auditory tubercle; BC, brachium con-

junctivum; BP, brachium pontis; Ci, first cervical nerve; CV,
cuneate nucleus; FG, facial genu; GN, gracile nucleus; IC, in-

ferior colliculus; 10, inferior olivary nucleus; L.N, lateral

reticular nucleus; RB, restiform body; SO, superior olivary

nucleus; SPV, spinal trigeminal tract; TB, trapezoid body;

TC, tubcrculum cinereuni; T.S, tractus solitarius; V, 17, VII,

and .V, corresponding cranial nerves; /, //, and ///, levels of

tran.section. [From .Alexander (7).]

MEDULL.^RY c.ARDi.'^c CENTERS. Ever siiicc the pioneer-

ing investigations of Hunt (130), the heart rate has

been considered to be controlled by the tonic and

reciprocal actions of two medullary centers, one ac-

celeratory and the other inhibitory. The acceleratory

center is thought to be located in those reticular struc-

tures that include the pressor center, but its exact

localization is unknown. The inhibitory center is

believed to lie in communication with the \agal

nucleus or amygdaloid nucleus. The efferent ac-

celerator impulses run in the sympathetic outflow, the

inhibitory impulses in \'agal fibers. In principle,

the medullary control of cardiac activity is con-

sidered to be organized like the v-asomotor control,

although with the difference that the cardiac control

possesses an efferent parasympatiielic inhibitory path-

way, the vagus.

Investigations of recent years have established that

parallel with accelerating fibers there are fillers in the
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sympathetic outflow that selectively influence the

contractile force of the heart muscle. Stimulation of

sucli fibers increases the contractile force without

necessarily increasing the heart rate [Anzola &
Rushmer (18), Randall & Rohse (179), Rushmer

(185)]. The central control of these inotropic fibers

to the heart has not yet been subjected to detailed

studies, but their significance in the regulation of

cardiac activity is evident. Interesting papers are to

be expected in this new experimental field.

FREQUENCY AND RHVTHMICITV OF MEDULLARY DIS-

CHARGE. The tonic discharge in the thoracic cardio-

vascular outflow was found to have a frequency of

about 2 to 3 per sec. [Bronk et al. (39)]. During as-

phyxia the frequency was observed to increase up to

10 to 15 per sec, a frequency which allows a maximal

vasoconstrictor and cardioaccelerator response (see

p. 1 146).

The preganglionic—and consequently the post-

ganglionic—firing showed a marked grouping in

volleys. Since the volleys were bilaterally synchronous,

they must have been due to a rhythmic outburst of

impulses from the centers. The rhythm frequently

was synchronous with the pulse and respiration. The
latter two forms of rhythmic cellular activity were

shown to be due largely to bursts of impulses from the

baroceptors in the carotid sinus and the aortic area,

initiated by the systolic rises in pressure, or to impulses

from distention receptors in the lungs. It was possible

experimentally to drive the cardiovascular centers by

repetitive stimulation of the central ends of the carotid

sinus or aortic nerves, thus causing the vasomotor

nerve cells to discharge periodically with the fre-

quency of the afferent stimulation. Section of the

sinus and depressor nerves abolished or reduced

markedly the grouped activity of the efiferent vaso-

motor discharge. Recording the splanchnic discharge

in cats, Dontas (66) observed rhythmical outbursts

of impulses with their maximum occurring after the

end of the depressor volleys in the sinus nerve.

The integrity of the medullary vasomotor area is

essential for the pressor and depressor reflexes elicited

by the specific receptors in the carotid sinus and the

aortic arch, and also for similar reflexes elicited bv

stimulating various afferent nerves [Ranson &
Billingsley (180), Alexander (7)]. These va,somotor

reflexes as well as the influence of supramedullary

regions on the medullary vasomotor centers will be

dealt with below.

MEDULLOSPINAL VASOMOTOR PATHWAYS. The cxcitatory

fibers from the pressor region pass to the spinal vaso-

motor neurons in the ventrolateral column [Lim et

al. (148), Wang & Ranson (218, 219), Alexander

(7)]. Stimulation in the pressor area causes a bi-

lateral increase of the firing in the inferior cardiac

nerves but only an ipsilateral increase of the firing

in the cervical sympathetics. In fact, there is a contra-

lateral inhibition of the activity in the cervical .sympa-

thetics [Alexander (7)]. Since hemisection of the spinal

cord considerably reduces but does not abolish pressor

responses resulting in ipsilateral hypothalamic or

medullary stimulation, partial crossing of the ex-

citatory fibers seems to occur at spinal levels [Harrison

et al. (113), Wang & Ranson (218, 219)].

The inhibitory fibers from the depressor region pass

in the dorsolateral column [Alexander (7)]. These

fibers are supposed to cross extensively in the medulla

oblongata [Wang & Ranson (218, 219)]. However,

further electrophysiologic recordings of the cardio-

vasomotor discharge and observations on the pe-

ripheral vasomotor responses will be necessary to

elucidate the functional organization of the bulbo-

spinal excitatoiy and inhibitory outflows.

MEDULL.ARY v.iiSOMOTOR REFLEXES. In the Carotid

sinus and the aortic arch there are localized spe-

cialized receptors sensitive to mechanical and chemi-

cal stimuli The former receptors, the baroceptors,

are stimulated by stretch and are situated in the

vascular wall around the bifurcation of the common
carotid and in the aortic arch. They react to changes

in arterial pressure. The chemoceptors are epithelioid

cells concentrated in specialized structures, the carotid

and the aortic bodies, which are sensitive to the

chemical composition of the arterial blood. Activa-

tion of the baro- and chemoceptors elicits depressor

and pressor reflexes, respectively.

A detailed discussion of the morphologic and

functional properties of the baro- and chemoceptors

is beyond the scope of this article. The reader is re-

ferred to the numerous reviews on these subjects

[Heymans et al. (120), Heymans & Bouckaert (118)].

It must suffice here to deal with questions relevant

to the medullospinal cardiovascular tonic discharge.

Pressor and depressor reflexes can also be elicited

by stimulation of various afferent somatic nerves.

These reflexes are mediated, at least in part, via the

medulla oblongata.

A substantial flow of afferent impulses from cardiac

and pulmonary receptors has been observed in the

vagus nerves. These impulses are considered to influ-
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FIG. 4. Afferent impulses tiom a single pressure receptor m
the carotid sinus. The discharge increased when an injection

of epinephrine elevated the mean arterial pressure from 55 mm
Hg in A to 135 mm Hg in B. Time: 0.2 sec. [From Bronk &
Stella (41).]

cnce the spinal cardiovascular discharge via the

medulla oblongata, but the physiologic significance of

the observations that have been made is still ob,scure.

a) Baroceptors and haroceplive fibers. The impulse

traffic in single baroceptor fibers was first recorded

by Bronk & Stella (41, 42) (fig. 4). They observed,

at normal arterial pressure levels, a rhythmic impulse

discharge with a ma.ximum frequency at the start of

systole. The frequency rapidly decreased in the in-

dividual \-olley of impulses and a long resting interval

occurred during diastole. As the mean pressure rose,

so did the number of active receptors increase, simul-

taneously with a rise in the frequency of discharge in

the indixidual fiiaer and a prolongation of the dis-

charge period. At high arterial pressures the receptor

discharge was continuous and the rhythmicity less

evident. The frequency of discharge rose from a

normal level of about 60 impulses to a maximum of

120 to 140 im|5ulses per sec. The baroceptors showed

onl\' very slight adaptation to pressure and were in-

susceptible to variations in the carbon dioxide and

oxygen contents of the blood.

References to baroceptor impulses in the sinus

nerve usually imply the large spikes that have been

recorded from thick afferent fibers, von Euler and

co-workers (214) observed in electroneurograms from

the sinus nerve not only the large spikes but a number

of smaller ones, the frequency of which could be corre-

lated with the pressure in the carotid sinus. By hyper-

ventilation of the experimental animal with pure

oxvgen, all chemoceptor activity could be made to

disappear, but small baroceptor spikes persisted. For

quantitati\'e reasons—the small spikes being many
times more numerous than the large ones—these

authors considered it probable that baroceptor fibers

of smaller diameters were of greater significance than

the thicker fibers for the sinus depressor reflexes.

Landgren (144, 145) made a more detailed study

of the baroceptor potentials in the sinus nerve of the

cat and found that the potentials occurred in groups

with 10, 40, 50 and 100 per cent of the maximum
amplitude. It may be mentioned, by way of compari-

son, that de Castro (61, 62) found 650 to 700 fibers, all

of A t\pe, in sinus nerves from the cat. Of these 3.5

per cent had diameters exceeding 6 to 8 /j; the main

group of 79 per cent, diameters of 3 to 5 fi; and 17.5

per cent diameters of 1.5 to 2.8 fi.

Landgren observed that the different receptor fibers

had .somewhat differing response ranges. The thick

fibers were activated by perfusion pressures of be-

tween 30 and 200 mm Hg, with a threshold value of

80 to 120 mm Hg for continuous activity. The fine

fibers had a somewhat larger response range, with a

threshold value of 120 to 150 mm Hg for continuous

discharge. The large baroceptor spikes are considered

to be produced in stretch receptors acting parallel

with the contractile elements, the small ones in re-

ceptors which may be in series with these elements.

Alternatively the small spikes may be elicited in

nerve endings squeezed between the smooth mu.scle

fibers in the media during distention of the wall as

well as active contraction of the muscle fibers. For

further discussion of this question, reference should

be made to the papers of Landgren (144, 145). Figure

5 shows the dependence of the spike heights in a

baroceptor preparation on the intrasinusal pressure.

Aortic baroceptive fibers closely resemble in their

general properties those of carotid pressure receptors.

Their conduction rate is 33 ± 1 1 m per sec. [as shown

by Paintal (170)]. According to Douglas, Ritchie and

.Schaumann (68-70), not only A fibers but also C
fibers occur in the sinus and aortic nerves of the cat

and rabbit. Both types of fibers when stimulated pro-

duce depressor effects, but the functional significance

of the fine depressor fibers is not known; their di-

ameters are too small to permit recording from single

fibers.

Bronk and co-workers (39) analyzed the effect of

depressor impulses on the frequency of discharge in

the svmpathetic cardiovascular outflow. Electrical
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FIG. 5. The impulse activity from a pure carotid sinus baro-

ceptor preparation of the cat. A: Control, artificial respiration

with 100 per cent O2. B: Control, artificial respiration with

4.5 per cent O: in N3. C to H: Records of the impulse discharge

during a slow pressure decrease (2 mm Hg per sec). Note the

minimum impulse frequency between 60 and 50 mm Hg and

the increased discharge below 50 mm Hg. Time: 0.04 sec.

[From Landgrcn ( 144).]

recordings were made from the inferior cardiac

nerves and in the cervical sympathetics of the cat.

Electrical stimulation of the aortic nerve inhibited

continuous firing of the sympathetic. Afferent im-

pulses in the aortic nerve with a frequency of 2 to 1

5

per sec. caused grouping of the sympathetic dis-

charge (fig. 6). Higher frequencies of the afferent

impulses led to a temporary total inhibition of the

tonic discharge, followed by escape from the inhibi-

tion. Distention of the carotid sinus had the same

eff'ect (fig. 7).

Dontas (66) observed that normal splanchnic ac-

tivity appeared as groups of slowly conducted im-

pulses at the end of each carotid pressor receptor

discharge; continuous activity was found less fre-

quently. Splanchnic activity was enhanced by a de-

crease of pressor receptor inflow.

The observation that afferent inhiljitory firing with

a suitable frequency is able to produce grouping of

the cardiovascular efferent impulses indicates that

the normal rhythmic activity of the cardiovascular

centers is due to pulsatile volleys of inhibitory im-

pulses originating from, among otiier sources, the

baroceptor areas.

h) Chemoceptors and cliemoceptive fibers. The influence

of asphyxia on impulse traflic in the sinus nerve was

first reported by Heymans & f^ijiniii ( i-'i ). Quantita-

FIG. 6. Rhythmic waves of activity (grouped impulses) re-

corded in sympathetic cardiac nerve and refiexly driven by

stimulating central end of aortic nerve at times indicated by

arrows. Each wave is associated with the previous stimulus

(interval between stimulus and the associated wave, 0.3 sec).

[From Bronk d al. (39).]
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FIG. 7. Inhibition of efferent sympathetic impulses to the

heart by distension of the carotid sinus. Upper record: Pressure

in the sinus. Lower record: Sympathetic impulses. Time: 0.2

sec. [From Bronk et at. (40).]

tive studies of the relation between oxygen tension,

carbon dioxide tension and pH, on the one hand,

and the chemoceptor activity on the other, were

soon conducted by Bouge & Stella (37), Samaan &
Stella (187), Zotterman (231) and others, partly with

a technique which allowed perfusion of the carotid

sinus under constant pressure but with changes of

the chemical composition. It was observed that the

chemoceptor discharges in a single fiber increased

with an increase of the carbon dioxide tension, with

a decrease of the pH and especially with a lowered

oxygen tension. Zotterman drew attention to the

relatively small height of the chemocepti\e spikes, in-

dicating that the cliemoceptive fibers ijelong to the

5 group with a transmission rate of 20 to 40 m per sec.

Samaan & Stella (187) observed a chemoceptor

discharge also under normal respiratory conditions.

It did not disappear until the arterial carbon dioxide

tension was 32 to 35 mm Hg or less, von Euler et al.

(213) also observed chemoceptor impulses under rest-

ing conditions in chloralosed cats. The chemoceptors

first responded when hemoglobin saturation fell below

96 per cent. The impulse frequency then increased

approximately in proportion to the degree of oxygen

deficit in the blood. Carijon dioxide was found to

elicit chemoceptor activity even at alveolar tensions

below 30 mm Hg.

These observations indicate that there may be a

chemoceptor bombardment of medullary structures

under pinsiologic conditions. However, since the

obser\ations were made on anesthetized animals.
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circumspection is required in evaluating the general

validity of the results.

Gernandt et al. (97) found a pronounced rise of the

splanchnic fiber firing in cats during asphyxia and

anoxia. Inhalation of pure oxygen decreased the

spontaneous activity. After section of all buffer nerves

the splanchnic discharge no longer reflected changes

of oxygen tension in the blood. On the other hand.,

an elevation of the carbon dioxide tension in the blood

still caused an increase in splanchnic nerve activity.

Dontas (66) observed in cats an increase in the

splanchnic discharge after injection of chemoceptor

activating drugs.

Aflferent stimulation of the sinus and vagus nerves

has been reported to produce sometimes depressor

effects, sometimes pressor effects, the response vary-

ing with the parameters of stimuli and the anesthesia

[Douglas et al. (67)]. Some evidence emerged that

there were three groups of efferent fibers, one group

of depressor fibers of large diameter, an intermediate

group of fine pressor chemoceptor fibers and, lastly, a

third group of depressor fibers of small diameter.

Neil and co-workers (167, 168) found that stimula-

tion of the carotid sinus nerve in cats elicited a de-

pressor response if the animals were under chloral

hydrate or pentobarbital or were decerebrate, but

that the response was mainly pres.sor in animals under

chloralose.

The well-known pressor response to occlusion of

the common carotids has usually been attributed to

the abrupt reduction of arterial pressure in the oc-

cluded sinus region, the subsequent reduction of the

baroceptor activity and the consequent increase in

vasoconstrictor discharge, von Euler & Liljestrand

(212) have been more or less alone in their opinion

that the pressor response to carotid occlusion is due

to activation of the chemoceptors since this response

was dependent on the oxygen tension in the arterial

blood. During inhalation of pure oxygen the pressor

respon.ses virtually disappeared. Landgren & Neil

(146) found in cats that the electrical activity in the

chemoceptor fibers from the carotid body increases

during the pressor response to occlusion of the com-

mon carotids but not if oxygen is inhaled.

The activity of the aortic chemoceptors has been

described by Landgren & Neil (147). The conduction

rate of chemoceptive fibers was reported by Paintal

(172) to be 10 it 2 m per sec.

() Cardiac and pulmonary receptors and afferent fibers.

As was first shown by von Bezold (41 , 205), von Bezold

& Hirt (206) and Jarisch (132), injection of mistletoe

extracts and veratrum alkaloids produces a reflex

fall of arterial pressure and heart rate. Several identi-

cal or similar cardiovascular reflexes produced by a

number of drugs arise from the heart and lungs. The

afferent impulses run in the vagus nerves, but the

fibers mediating these impulses have so far not been

identified with certainty, which is not surprising

since it seems very probable that the fibers are small

in diameter and hence difficult to record from. Ana-

tomical studies of the cardiac Ijranches of the vagi

consistently show that there are few if any fibers above

10 jx in diameter and that the numljers rapidly in-

crease with decreasing fiber diameter. Probably there

are also a large number of unmyelinated fibers.

If we except aortic baroceptive and chemoceptive

fibers, there are among the cardiovascular afferent

fibers, according to Whitteridge (222), the following

groups.

/) Afferent fibers from venous side, type .A. These

fibers, first described by .Amann & Schaefer (13), have

been related to the cardiac cycle and to the pressure

waves in the \enous pulse. Each of the three pressure

waves, a, c, v, in the venous pressure curve may be

accompanied by a volley of impul.ses [Walsh & Whit-

teridge (216), Jarisch & Zotterman (133), Schaefer

(188)]. There is a linear relation between pressure

and impulse frequency. Due to the fairly rapid adapta-

tion rate the receptors corresponding to the A fibers

are jjelieved to respond to rises of pressure but not

to the absolute level of pressure in the atrium [Strup-

pler (ig8)]. They behave as if they lie in series with

the muscle fibers. They undoubtedly arise from the

atria at the openings of the great \eins [Jarisch &
Zotterman (133), Paintal (170)]. Their conduction

rate is 20 ± 5 m per sec.

2) "Venous fibers, type B. These fibers show a late

systolic volley roughly related to the v wave. They

arise from endings in the atrial walls; their conduc-

tion rate is 13 ± 5 m per sec. [Paintal (170)]. Their

behavior suggests that they lie parallel with the atrial

muscle fibers.

j) Small fibers. These fibers can be excited by

pinching the ventricles and are probably stimulated

by veratrin, according to Jarisch & Zotterman (133).

Fibers with a brief discharge during the isometric

contraction phase only, perhaps arising in the ven-

tricles or septum, were detected by Whitteridge (221),

Dickin.son (63) and Pearce (173). Paintal (171) ob-

served in the cat fibers firing in response to pheinl-

diguanide. Their conduction rate was 6 m per sec.

So far no analysis has been made with an electro-

physiologic technique of the efferent cardiovascular

discharge patterns accompanying the Bezold-Jarisch
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reflex or other cardiovascular reflexes produced by

various drugs. The influence of the vagal aff'erent

impulse traffic on the cardiovascular efferent dis-

charge, and the physiologic significance of this

traffic, are quite unknown.

d) Other receptors and afferent fibers. The ability of

sensory and nociceptive impulses to influence the

cardiovascular discharge is demonstrated by the

fact that stimulation of afferent nerves, as the sciatic,

brachial or trigeminal nerve, produces pressor or

depressor effects, depending on the parameters of

the stimuli, the depth and nature of narcosis, and

other related factors. These reflexes are, according to

some authors, at least partly relayed through the

medulla oblongata. Alexander (7) observed volleys of

impulses in the inferior cardiac nerves in response to

single shocks applied to the central end of the sciatic

nerve. Repetitive stimulation of the sciatic nerve

elicited a pressor reflex and a considerably increased

discharge in the inferior cardiac nerves. Transection

in the medulla oblongata just below the pressor area

(see p. 1
1 39) completeK' abolished the reflex cardio-

vascular discharge as well as the pressor reflex.

e) Cardiovascular responses. The cardiovascular re-

sponse pattern a.s.sociated with different pressor and

depressor reflexes has been incompletely elucidated.

The fall of arterial pressure attending activation

of the baroceptors, at all e\ents those in the carotid

sinus region, is due partly to bradycardia and partly

to peripheral vasodilatation. The principal factor

here is the vasodilatation, which is reported chiefly to

affect the visceral region ijut also occurs in muscles

and skin [Folkow el al. (8g), Frumin et al. (93),

Lindgren & Uvnas (153, 154)]- Since vasodilatation

is due to inhibition of vasoconstrictor tone, it is proba-

ble, though not experimentally verified, that vaso-

dilatation affects different vascular regions in inverse

proportion to their vasoconstrictor tone.

Bcrnthal (31) is one of the few investigators who
has studied the reflex vasomotor reactions which at-

tend changes of the chemical milieu in a perfused

carotid sinus. Anoxia, cyanide, hypercapnia and lactic

acid caused pressor reactions with bradycardia and

reffex vasoconstriction in a foreleg. Since an increase

of the normal oxygen tension and a decrease of the

normal carbon dioxide tension in the perfusion fluid

resulted in vasodilatation, his findings accord with

the supposition of von Euler et al. (213) that the

chemoceptors are already activated at the oxygen

and carbon dioxide tensions which occur under phys-

iologic conditions.

Although the pressor effect of anoxia is usually ac-

companied by cardiac acceleration, there is very

little experimental evidence as to the heart rate re-

sponse to a chemoceptor stimulus. Heymans &
Bouckaert (118) reported that injection of nicotine

and cyanide into the carotid sinus produced pressor

responses with bradycardia. Bernthal et al. (32) ob-

served that chemoceptor reffexes capable of produc-

ing pressor reflexes caused not tachycardia, but

bradycardia. In these experiments the pressor re-

sponses were blocked by a compensation device. The
bradycardia, therefore, could not be ascribed to a

reflex produced by the arterial pressure rise. Neil

(166), believing results more applicable to systemic

anoxic conditions could be obtained with chemo-

ceptor impulses bombarding an anoxic medulla

rather than, as in experiments of Bernthal et al., an

adequately oxygenated medulla, found that such

systemic anoxia produced tachycardia and hyper-

tension. However, when both carotid sinuses wen
then perfused with adequately oxygenated blood,

the hyperpnea and hypertension were reduced but

the tachycardia persisted. It thus seems as if chemo-

ceptor reflexes produce an increase of vasoconstrictor

discharges but no cardiac acceleration.

The reflex vasoconstriction due to excitation of

chemoceptors probably concerns all vascular fields,

although quantitative diflferences may exist. Bernthal

& Schwind (34) claim that excitation of chemoceptors

by anoxia cau.ses more marked vasoconstriction in

the limbs than in the intestines. Folkow & Uvnas

(90, 91) reported the chemoceptor-induced pressor

responses to occlusion of the common carotids to be

due to marked vasoconstriction in both the .skeletal

muscles and the splanchnic region.

As to the cardiova.scular respon.se pattern asso-

ciated with depressor and pressor reflexes due to

afferent impulses in sensory nerves, satisfactory in-

formation is still lacking.

/) Efferent pathways. The bradvcardia attending the

sinus depressor reflex has been shown to be due to

the comijined action of vagal activation and sympa-

thetic inhibition, vagal activity being most marked

immediately following sinus distention, while the

slowing due to sympathetic inhibition appeared slowly

and became the major restraining influence as the

vagal effect diminished [\V'ang & Borison (217)].

There have been no similar investigations on the role

played by the vagal and sympathetic innervation of

the heart in pressor reflexes.

All observations—both those made with modern

electrophysiologic techniques and those made with

more classical methods for determination of arterial
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pressure or peripheral blood flow—are consistent in

showing that medullary vasomotor reflexes are effected

through variations in vasoconstrictor tone. \'asodila-

tation coincides with a decreased vasoconstrictor dis-

charge; vasoconstriction, with an increased dis-

charge. The question whether vasodilator nerves also

take part in medullary vasomotor reflexes has been

extensively discussed in past years. Until the 1930's it

was generally assumed, in accordance with Bayliss'

(29) view, that the medulla oblongata had two vaso-

motor centers, a vasoconstrictor and a vasodilator

center. These two centers had an inhibitory effect on

each other. Vasodilator impulses were thought to

pass from the vasodilator center (see p. 1155), partly

via parasympathetic \'asodilator fibers and partly via

dorsal root dilator fibers. Increasing numbers of in-

vestigators have reported, however, that sympathec-

tomy completely abolishes reflex vasomotor responses

[Jarisch (131), Bacq et al. (23), Schneider (191),

Thomas & Brooks (201), Wybauw (229), Bacq et al.

(22) and Downman et al. (71)].

Of special interest is a paper by Dole & Morison

(65) in which they report they were able to confirm

Bayliss' observation that a depressor reflex was some-

times (in 40 per cent of the cases) accompanied b\' an

increase in the volume of a sympathectomized hind

limb. However, the increase in volume of the limb re-

mained after total denervation of the limlj. Dole &
Morison therefore concluded that the vasodilatation

sometimes oiiserved after sympathectomy was not of

nervous origin.

Folkow & Uvnas (92) and Lindgren & Uvnas (153,

154), directly recording the blood flow in skin and

skeletal muscle \essels of cat limbs with cross-circula-

tion, so eliminating the disturbing influences of me-

chanical and humoral factors, found that sympathec-

tomy, acute as well as chronic, inxariably abolished

all vasoconstrictor and va.sodilator responses due to

occlusion of the common carotids, stimulation of sinus

or depressor nerves, and other factors. Sensory de-

nervation of the limb, on the other hand, did not

influence the vasodilator or vasoconstrictor reflexes

studied at all.

Frumin et al. (93), using a flowmeter, measured the

blood flow in the femoral artery of a cross-perfused

limb and found that it was greatly increased by de-

pressor reflexes produced in different ways. In some

experiments they found a slight persisting vasodilator

effect even after sympathectomy. This effect was

initially attributed to vasodilator activity in the dorsal

roots but was later found to he due to a persisting

collateral arterial supply to the cross-perfused leg. If

all collaterals were severed, all vasodilator effects dis-

appeared with sympathectomy.

Celander & Folkow (52J demonstrated that para-

sympathetic \asodilator nerves to the tongue or the

splanchnic region were not activated by depressor

reflexes. Bernthal and co-workers (33) reported that

.sympathectomy removed all recognizable chemoreflex

vasomotor reactions in the foreleg of the dog even

though the dorsal root vasodilator innervation re-

mained intact. They concluded that in most dogs sym-

pathetic fibers constitute the sole efferent pathway for

vascular reflexes originating in the carotid body.

On the basis of the experimental evidence we pos-

sess today, it is accordingly safe to conclude that

medullary vasomotor reflexes are mediated solely via

variations in sympathetic vasoconstrictor activity.

INFLUENCE OF C.-^RBON DIOXIDE AND OXYGEN ON

SPIN.^L .AND MEDULLARY V.ASOMOTOR NEURONS. Among
chemical factors influencing the spontaneous activity

of the medullary and spinal \asomotor neurons,

carbon dioxide is known to be of paramount impor-

tance. Increased carbon dioxide tension in the blood

reinforces, and decreased carbon dioxide tension

reduces the activity as shown by recording the elec-

trical activity in sympathetic nerves. In the intact

animal, anoxia initially stimulates the vasomotor

acti\'ity.

Bronk et al. (39) oijserved an increase of firing in

the inferior cardiac nerves during anoxia which was

regarded as secondary to increased firing in the

carotid and aortic chemoceptors. Gernandt et al. (97)

found that increased carbon dioxide in the Ijlood in-

crea.sed the discharge in the splanchnic ner\-e both

ijefore and after .section of the sinus and the vagode-

pressor nerves. Anoxia led to an increa.se of the po-

tentials, pure oxygen inhalation to a decrease, but

both these effects disappeared after buffer nerve

section. These findings indicate that in the intact ani-

mal the vasomotor neurons are more sensitive to the

carbon dioxide tension but less sensitive to the oxygen

tension than are the chemoceptors. The direct effect

of anoxia on the nerve cells is thought to be a de-

pressant one [Gellhorn & Lambert (96), Schmidt &
Comroe (189)], since after cutting of the buffer nerves

anoxia depresses the excitability of the medullary

respiratory and vasomotor centers.

Contrary observations ha\e been made by Alex-

ander (6) indicating that anoxia can produce an

initial increase in the spontaneous activity of the

vasomotor neurons in the deafferented spinal cord.

Similarh- the excitabilitx' of vasomotor netirons in
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the medulla and hypothalamus may be increased in

anoxia {35, 95). However, further experiments with

techniques permittino localization of the oxygen

deficiency in the central nervous system specifically

are needed.

Mesencephalon

We possess little knowledge of the significance of

the mesencephalon in vasoconstrictor nervous activity.

Both early investigators, using somewhat primitive

techniques, and more recent workers employing the

Horsley-Clarke technique have, it is true, observed

pressor and depressor responses to stimulation of

difTerent mesencephalic regions (12, 116, 136, 202).

However, it has often been impossible to decide

whether neurons originating in the mesencephalon,

or merely fibers passing through it, ha\e been stimu-

lated.

Lindgren (149) published an extensive study on the

significance of the mesencephalon in vasomotor con-

trol. He found that vasoconstrictor neurons origi-

nating from the hypothalamus passed immediately

beneath the superior colliculus and probably had junc-

tions there with new mesencephalospinal neurons.

This outflow contains vasoconstrictor fibers to the

intestines and to the skin, and passes in close anatomic

relation to sympathetic vasodilator fibers to the

skeletal muscles and to fibers capable of activating

the catechol secretion of the adrenals. The fact that

vasomotor neurons running directly to spinal levels

emanate from the mesencephalon is interesting in

principle. It indicates that the mesencephalon is the

most caudal integrating relay station for this vaso-

motor outflow and that it may constitute a previ-

ously overlooked integrative region for central vaso-

motor control.

In the opinion of Ranson and his associates (136,

159, 218, 219), the hypothalamic-medullary efTerents

have a somewhat dififuse extension in the lateral por-

tions of the tegmentuin and in the substantia grisea

centralis around the aqueduct. These workers dis-

puted the view that the medial longitudinal bundle,

the medial reticular formation and the corticospinal

tract were of paramount importance for the trans-

mission of sympathetic impulses from the hypo-

thalamus—a view which was asserted bv Beattie ct al.

(30).

even to the cardiovascular apparatus. Pressor and de-

pressor responses to hypothalamic stimulation sug-

gest, it is true, that vasomotor structures are scattered

diffusely in the hypothalamic regions [for reviews see

Karplus (137), He.ss (116, 117), Ranson & Magoun
(181)], but they shed little light on the function of

these structures.

An integrative function requires neuron synapses

in the integrative area. Persisting vasomotor responses

to hypothalamic stimulation in chronic decorticate

animals show that va.somotor neurons originate in the

hypothalamus—a fact that was already observed by

Karplus (137) in association with Kreidl.

INFLUENCE ON CARDIOV.\SCULAR DISCHARGE. PittS,

Bronk and Larrabee (i 75, i 76) reported an exemplary

study of the hypothalamic influence upon the tonic

cardiovascular discharge. They found that the fre-

quency of discharge in the cardiovascular neurons

—

recorded in the inferior cardiac nerve and in the

cervical sympathetic—was linearly proportional to

the frequency of hypothalamic stimulation (fig. 8).

The preganglionic discharge amounted to about one

impulse per 20 to 25 hypothalamic stimulatory im-

pulses. Unilateral stimulation of the hypothalamus

produced bilateral sympathetic discharge. On simul-

taneous bilateral stimulation of the hypothalamus, an

almost arithmetical summation of the peripheral dis-

charge was obtained, the occlusion being minimal.

Hypothalainui

The integrative activity of the hypothalamus on

somatic and vegetative functions is considered to apply

FIG. 8. The relation between frequency of discharge of

impulses in a single fiber of the cervical sympathetic nerve and

frequency of hypothalamic stimulation. Intensity of stimulation

constant. [From Pitts U/^J.]
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FIG. 9. Inhibition of 'tonic" sympathetic discharge in the

inferior cardiac ner\'e following a short burst of increased ac-

tivity induced by a brief period of hypothalamic stimulation.

White signal above lime marker gi\es duration of stimulus. No
rise of arterial pressure {upper record) to account for after-inhibi-

tion. Time: 0.2 sec. [From Bronk el al. (40}.]

The region in which stimuhition produced activity in

one and the same peripheral neuron was surprisingly-

large. An approximately constant frequency of dis-

charge was found in the preganglionic neuron, even

when the electrode was shifted 3 mm dorsoventrally.

In other words, many hypothalamic neurons must

converge towards one and the same spinal neuron.

The interference between the hypothalamic im-

pulses, on the one hand, and afferent inhibitory ex-

citatory impulses, on the other, was beautifully

demonstrated. On simultaneous hypothalamic stimu-

lation and activation of the baroceptors in the sinus

region, the cardiovascular discharge induced \'ia the

hypothalamus decreased. Simultaneous stimulation

of the hypothalamus and of an afferent nerve with a

pressor effect led to a summation of the effects, result-

ing in an increased cardiovascular discharge. Accord-

ing to Bronk et al., the hypothalamus may play the

role of a modifier in the various mechanisms that

regulate arterial pressure and heart rate.

A frequency reversal—i.e. conversion of a pressor

to a depressor response—on changing from higher

to lower frequencies of stimulation was observed by

Hare & Geohegan (112) and by Berry et al. (36).

Bronk et al. gave a plausible explanation of such a re-

versal effect. They observed that with a change-over

from high-frequency (20 impulses per sec.) to low-

frequency (2 impulses per sec.) stimulation, there was

a temporary cessation of the tonic cardiovascular

discharge. The result of such interruption of the vaso-

constrictor firing will naturally be a fall of arterial

pressure.

Characteristic of pressor effects elicited by hypo-

thalamic stimulation is a persisting poststimulatory

pressor effect. This has been attributed to a nervous

after-discharge [Grinker & Serota (i!i)j, though

Bronk et al. in no case observed such a discharge; on

the contrary, they often found, as mentioned above,

a poststimulatory inhibition (fig. 9). The poststimu-

latory pressor effect is probably attributable to the

sluggishness of the peripheral effector organ or, pos-

sibly, to catechols secreted from the adrenals. Catechol

secretion is often activated by hypothalamic stimula-

tion—a fact that has long been recognized.

Only a few investigators have made any detailed

study of the hypothalamically induced peripheral

vasomotor reaction patterns. Strom (258) found in

the hypothalamus of cats areas which when stimulated

electrically produced selectiv-e vascular responses in

the skin, either constriction or dilatation. Eliasson and

his associates (75, 76) were able to localize areas which

when stimulated activated the sympathetic vaso-

dilator outflow to the skeletal muscles and, simul-

taneously, produced cutaneous and intestinal vaso-

constriction. Local heating of temperature-regulating

areas in the anterior hypothalamus elicits cutaneous

vasodilatation [Folkow et al. (87, 88)].

HYPOTH.AL.AMicosPiN.'KL p.^TH\v.\YS. The va.sodilator

effects observed to occur in the skin and intestines

on hypothalamic stimulation must be due to inhibi-

tion of vasoconstrictor tone since no vasodilator in-

nervation is known to supply these vascular areas.

The occurrence of vasoconstrictor inhibition probably

means that inhibitory fibers pass from the hypothala-

mus down to the medullary or spinal vasomotor

neurons. The pathways for such inhibitory fibers

from the hypothalamus are unknown, although the

scattered depressor points found throughout the hy-

pothalamus and mesencephalon indicate the passage

of such inhibitory neurons. However, Alexander (7)

has suggested that a medial longitudinal depressor

band in the rostral part of the medulla oblongata

might be a descending inhibitory pathway from the

hypothalamus.

Vasoconstrictor neurons pass from the lateral region

of the hypothalamus, probably around the aqueduct

in the central gray and in the tegmentum mesen-

cephali [Ranson & Magoun (181)].

An interesting question is whether, and if so to

what extent, vasomotor neurons emanating from the

hypothalamus and other supramedullary regions

converge towards the spinal vasomotor neurons and

pass the medullary pressor and depressor regions

without having any synapses there. It seems prob-

able—not least from the analysis presented by Bronk

et al.—that some vasomotor neurons, and perhaps the

majority, have synapses in the vasomotor centers of

the medulla oblongata. Some vasomotor neurons,

however, undoubtedly pass outside the medullary

vasomotor regions. This applies, for instance, to the
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hypothalamic vasoconstrictor-vasodilator pathway

that Uviias and his associates traced from the hypo-

thalamus, throusjh the mesencephalon and medulla

oblongata, down towards spinal le\els. It seems plau-

sible to assume that this and other such functional

vasomotor units are directly projected to the spinal

vasomotor neurons whereby they should have greater

possibilities for inediating distinct vasomotor response

patterns of supramedullary origin.

Cerebral Cortex

The earlier view that the suprabulbar integrati\e

control of the autonomic nervous system, including

that controlling the cardiovascular system, was lo-

calized solely in subcortical structures, chiefly the

hypothalamus, has gradually been superseded by the

opinion that it has an extensive representation in the

cerebral cortex. Experimental and clinical data sug-

gest that the cardiovascular medullospinal mecha-

nisms can be influenced from different regions of the

cerebral cortex, especially the motor area, the orbital

surface of the frontal lobe, the rhinencephalon and the

temporal lobe.

Unfortunately these data throw little or no light on

the mechanisms through which the cortical control

acts. This is partly because only arterial pressure re-

actions—pressor or depressor responses—generally

have been followed, but sometimes cardiac respon.ses

—acceleration or retardation—also have been re-

corded. Moreover, the responses are greatly influenced

by various experimental conditions—as for instance

the intensity and frequency of stimulation, the type

and depth of anesthesia, and the species of animal.

Thus, it is not surprising that the experimental find-

ings afford a somewhat kaleidoscopic picture. In

virtually no case has an electrophysiologic technique

been employed in the study of cortical cardiovascular

control.

MOTOR CORTEX. Hoff and Green (107, 126) ob.served

pressor responses and cardiac acceleration on stimu-

lation of the gyrus poreus and the gyrus sigmoideus

in the cat, and on stimulation of the cortex adjacent

to the superior precentral sulcus as well as scattered

points in the trunk and arm areas in monkeys. De-

pressor responses with or without bradycardia were

elicited from various precentrally localized points.

They observed a reduction of the renal volume and

usually an increase, although sometimes a decrease,

of the leg volume. Since these peripheral vasomotor

reactions were independent of the changes in arterial

pressure, the results show that a peripheral redistribu-

tion of the blood flow may be initiated from the cere-

bral cortex. Similar observations were reported by

Lund (157).

Hoff and co-workers (127) observed that bilateral

electrical stimulation of foci in the anterior sigmoid

gyrus produced, in acute experiments on cats, transient

elevations of arterial pressure of 80 to 100 mm Hg
together with pronounced renal cortical ischemia.

Stimulation of the brain through the intact cranium,

in chronic experiments lasting i to 6 weeks, caused

pathologic changes in the kidneys, presenting the

picture of lower nephron nephrosis, presumably due

to anoxia caused by the repeated arteriolar constric-

tion. Pronounced arterial pressure rises were observed

by Wall & Davis (215) and Kessler (141 j in dogs anes-

thetized with diallyl barbituric acid on stimulation

in the sensorimotor cortex. In man and subhuman
primates Kennard (139) observed that lesions in the

prcmotor cortex result in alterations of skin temper-

ature and color on the contralateral side of the body.

Ablation of the prefrontal cortex of Brodmann's areas

4 and 6 in monkeys has been observed to result in a

consistent decrease of the skin temperature on the

contralateral side.

FRONT.^L LOBES. The frontal lobes have attracted con-

siderable interest in recent years since they have been

found probably to exert an inhibitory influence on

autonoinic functions. Total or partial removal of the

frontal lobes in cats and monkeys has been followed

by signs of excessive sympathetic activity, e.g. cardiac

acceleration, increased release of epinephrine and

augmented cutaneous vasoconstrictor reflexes [Ken-

nard (140), Livingston et al. (156)]. A depressor path-

way has in fact been traced continuously from just

behind the frontal pole of the hemisphere as far cau-

dally as the rostral end of the diencephalon and has

been regarded as a corticofugal inhibitory pathway

[Rabat et al. (136)].

Electrical stimulation of the orbital surface has

been reported to produce both pressor and depressor

reactions [Bailey & Sweet (24), Livingston et al. (54,

155, 156), Sachs et al. (186)]. The experiments were

performed on cats, dogs, monkeys and humans. Strom

(197) reported that electrical stimulation of structures

in the frontal lobe and the anterior hypothalamus

could produce cutaneous vasoconstriction as the sole

response. A marked poststimulatory inhibition of the

cutaneous vasoconstrictor tone was observed. In the

cat the cutaneous vasomotor responses were mainly

localized to the pads.
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RHiNENCEPHALON. Kaacla (134) observed two opti-

mum zones in the anterior rliinencephalic areas yield-

ing pressor and depressor responses on electrical

stimulation, one in the anterior limbic cortex and a

second in the postorbital anterior insula, anterior

hippocampal gyrus and neighboring temporal regions

in monkeys and in the homologous areas in cats and

dogs. Arterial pressure reductions were also produced

by stimulation of the amygdaloid and caudate nuclei.

Ward (220) stimulated structures in the anterior

gyrus cinguli in monkeys and obtained depressor

responses with cardiac retardation and in some cases

cardiac arrest. Smith (194) in similar experiments had

observed pressor responses with or without cardiac

acceleration as well as depressor effects, usually as-

sociated with more or less pronounced cardiac re-

tardation. In man, too, stimulation of the anterior

part of the gyrus cinguli results in alteration of the

arterial pressure and pulse rate [Pool & Ransohoff

('77)]-

Anand & Dua (16) stimulated the gyrus cinguli in

conscious cats and monkeys with implanted electrodes.

From rostral portions of the gyrus cinguli belonging to

the frontal lobe, they usually obtained a rise of ar-

terial pressure, whereas stimulation of caudal parts

belonging to the temporal lobe caused a fall. They
observed both cardiac acceleration and retardation;

but since these did not correlate with the arterial

pressure responses, the latter probably were manifesta-

tions of variations in vasoconstrictor discharge. Hoff-

man & Rasmussen (128) observed chiefly depressor

responses and inhibition of the gastrointestinal ac-

tivity on stimulation on the insular cortex in Macaco

mulatta. .Similar effects were obtained on stimulation

of the posterior orbital surface and the tip of the tem-

poral lobe. Since the cardiovascular effects persisted

after vagotomy, they must be attributed to changes

in vasoconstrictor tone.

TEMPORAL LOBE. Stimulation of the human temporal

pole has yielded marked rises in arterial pressure

[Anand & Dua (14, 15, 16)]. In the monkey, pressor

as well as depressor respon.ses have been observed on

temporal lobe stimulation [Kaada et al. (135)].

EFFERENT PATHWAYS. The pathways for corticofugal

excitatory and inhibitory cardiovascular effects are

largely unknown. Probably the majority of the cortico-

spinal cardiovascular neurons are relaved in or pass

through the hypothalamus. However, some efferent

neurons might run outside the hypothalamus. Spiegel

& Hunsicker (195) stimulated the cortex of the cat

and obtained arterial pressure and bladder responses

which persisted after transverse sections in the medulla

oblongata that were designed to interrupt p\ramidal

or extrapyramidal tracts. The conclusion was reached

that there exist both pyramidal and extrapyramidal

pathways for autonomic efferents. In monkeys and

chimpanzees, they found that arterial pressure re-

sponses arising from stimulation in the sensory motor

cortex were completely abolished by pyramid section,

but were uninfluenced by lesions in the hypothalamus.

Responses elicited from the posterior orbital surface

and anterior insula disappeared after destruction of

the hypothalamus. The vasomotor pathways from

the temporal lobe, however, were found not to pass

the hypothalamus.

The ob.servations of Spiegel & Hunsicker thus sug-

gest that autonomic pathways pass through the hypo-

thalamus from some areas but not from others. How-
ever, observations made with such a rough technique

as that employed in the above experiments cannot be

credited with any major evidential value. It should

also be pointed out that corticospinal pathways pass-

ing through the hypothalamus mav well have a pyra-

midal or juxtapyramidal course in more caudal re-

gions, as for instance the pons and medulla oblongata.

This is the case with the sympathetic vasodilator out-

flow which in its posthypothalamic course first turns

dorsad across the tectum mesencephali and then once

more descends \entrad and passes beneath its medul-

lary portion in close relation to the psramidal path-

way. This vasodilator pathway, which is al.so accom-

panied by vasoconstrictor fibers, would therefore

have been severed in experiments conducted b\' the

methods of Spiegel & Hunsicker.

The pioneering in\estigations of Magoun el al.

have demonstrated that the reticular system in the

brain stem contains structures which have a facilita-

tory and inhiljiiory influence on both reflexogenic and

corticogenic somatic motor phenomena. Bach (20)

sought to find out whether stimulation of these retic-

ular structures also had inhibitory and facilitatory

effects on autonomic responses and whether certain

combinations of effects, as for instance inhibition of

the patellar reflex with a coincident depressor effect,

could be demonstrated; he found that this was not

the case. Bach's investigation did not lend weight to

the hypothesis which identifies the somatic facilitatixe

and inhil:)itory reticular formation with \asopressor

or vasodepressor structures.

In the opinion of Landau (143), the autonomic
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corticospinal pathways serve chiefly to facilitate auto-

nomic response patterns elicited at spinal and periph-

eral levels. However, available data do not eluci-

date the efferent pathways by which the vasomotor

reactions produced from the cortex are mediated.

Yet considering the knowledge we pcssess of the

central representation of the sympathetic vasodilator

outflow, it is probable that most, and perhaps virtually

all, of the observed vasomotor responses have been

produced via variations in vasoconstrictor tone. Of

the observations that have been reported, an analysis

of the peripheral vascular reaction pattern has been

made only by Lund (157) and Green & Hofif (107).

These authors stimulated the motor cortex in cats

and observed an increase of the leg volume, pointing

to vasodilatation there which inay have been pro-

duced by sympathetic vasodilator activity.

Cerebellum

Occa.sional early reports suggest that the cerebellum

in some way or other influences the central vasomotor

control [.see Wiggers (223, 224)], but its significance

in vascular regulation is not yet clear.

According to Moruzzi (165), stimulation in the

vermis cerebelli may inhibit both pressor and de-

pressor reflexes elicited by stimulation of afferent

nerves, such as the sciatic, superior laryngeal and

central end of the vagus. Spontaneous vasomotor

waves of central origin are also inhibited. Moruzzi

further demonstrated that pressor reflexes elicited by

occlusion of the common carotids or by intracarotid

injections of cyanide were inhibited by stimulation

of vermian structures with intensities yielding strong

inhibition of the decerebrate rigidity. In his view, the

inhibition is due to a central effect on bulbopontine

centers.

CENTRAL REPRESENTATION OF SYMPATHETIC

VASODILATOR NERVES

In recent years Swedish investigators lia\'e been able

to activate sympathetic vasodilator nerves to the

skeletal muscles in dogs, cats and foxes by intra-

cerebral stimulation. This outflow has been shown to

have a widespread intracerebral representation. The

corticospinal course of a sympathetic xasodilator

tract (iig. 10) has Ijeen traced from its cortical origin

down to spinal levels Ijy Lindgren et al. (150). The
vasodilator responses to intracerebral stimulation were

completely abolished by small doses of atropine and
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TRUNCUS SYMPATICUS

NERVUS SPINALIS

MUSCULUS

FIG. 10. Schematic drawing showing the central and pe-

ripheral course of the sympathetic vasodilator pathways. [From

Lindgren (149).]

were augmented by physostigmine (figs. 11, 12). To
show that these effects were due to a peripheral action

and not to an action on ganglia or intracerebral syn-

apses, cross-perfusion experiments were performed in

which it was shown that these drugs blocked and aug-

mented, respectively, the vasodilator responses in the

muscles peripherally. It is thus safe to conclude that

these vasodilator responses are due to activation of

cholinergic syinpathetic vasodilator nerves.
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PIG. 1 1. Vasodilator responses in the muscles of the hind leg to stimulation in the right part of the

tectum mesencephali, and the effect of physostigmine and atropine. Cat under Dial anesthesia; left

common carotid occluded. /) Stimulation, 1.25 v.; 10 sec; increase of flow, 50 per cent; .') phy-
sostigmine, o. I mg per kg, intra\cnously; j) stimulation, 1.25 v.; 10 sec; increase of flow, 50 per

cent; 4) stimulation, 1.25 v.; 10 sec; increase of flow, 70 per cent; j) stimulation, 1.25 v.; 10 sec;

increase of flow, 130 per cent; ff) stimulation, 1.25V.; 10 sec; increase of How, i 70 per cent; 7) stimu-

lation, 1.25 v.; 10 sec; increase of flow, 260 per cent; 8) atropine, 0.2 mg per kg, intravenously;

p) stimulation, 1.25 v.; 10 sec; increase of flow, 1 10 per cent; 10) atropine, 0.3 mg per kg, intra-

venously; //) stimulation, 1. 25V.; 10 sec; increase of flow, 70 per cent; /2) atropine, 0.5 mg per kg,

intravenously; 73) stimulation, 1.25 v.; 10 sec; increase of flow, 20 per cent. Note the potentiating

effect of physostigmine and the large doses of atropine necessary for abolishing the vasodilator re-

sponses. [From Lindgren (149).]

Medulla Spinalis and Medulla Oblongata

In the medulla oblongata the sympathetic vaso-

dilator pathway was found to lie in the ventral lateral

area [Lindgren & Uvnas (151, 152)]. It forms a longi-

tudinal band running i to 2 mm above the ventral

surface of the medulla and could be traced down to

the lateral horns of the cervical segments of the spinal

medulla.

Electrical stiinulation of the medullary part of the

sympathetic vasodilator path produced in cats and

dogs ipsilateral vasodilatation in the skeletal muscles

of a hind leg (fig. 12) accompanied by ipsilateral

vasoconstriction in the skin of the hind leg (cat) and

in the ear (dog) and within the splanchnic region

[Lindgren (149)]. In addition, stimulation produced

a discharge of catechols from the adrenals [Grant

et al. (106)]. Evidently the vasodilator fibers were

accompanied by vasoconstrictor fillers and fibers

running to the adrenals.

Lindgren (149) showed in chronically decerebrate

cats that the vasodilator and vasoconstrictor fibers

in the medulla oblongata degenerated after decerebra-

tion caudal to the inferior colliculus. This finding

suggests that these fibers pass through the medulla

oblongata without synapses. The vasodilator path

passes outside those medullary regions which contain

the pressor and depressor centers. In point of fact,

Lindgren & L'vnas (153, 154) showed that with

cauterization it was possible to destroy the depressor

region and thus to abolish medullary depressor re-

flexes produced by stimulation of a sinus nerve, de-

pressor nerve or aff'erent nerve. Such local destruction

of the depressor area does not interfere with the sym-

pathetic vasodilator pathway, since Lindgren &
Uvnas demonstrated that hypothalamic stimulation

still produced \asodilatation in the muscles, which

finding must imply that this path passes intact throut^h

the medulla oblongata.

Mesencephalon

Lindgren (149) found that the sympathetic vaso-

dilator pathwav- from the h\pothalamus could be

traced towards the mesencephalon. He found it to

lie in the basal parts of the superior colliculus whence

it continued \entrocaudad to the upper part of the

medulla oblongata where it descended dorsolateral

to the pyramidal tract. He further observed that the

tectofugal pathway had a partial crossing ventral to

the substantia grisea centralis approximately in the
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FIG. 12. Concomitant vasodilator responses in muscles of

right hind leg {upper record), and vasoconstrictor responses in

skin of right ear (lower record) during stimulation of right half

of medulla. Dog with spinal cord ligated at L5. Voltage: 1.25 v.

Duration of each stimulation, 15 sec. Vasodilator responses in

right leg disappear but cutaneous vasoconstrictor responses in

ear persist and cause pressor response after atropine. [From

Lindgren & Uvnas (,152).)

region of the decussatio dorsalis tegmenti. Stimulatory

exploration revealed that supracollicular and collicu-

lar stimulation produced bilateral \asodilator re-

sponses in the skeletal muscles, while inf'racoUicular

stimulation resulted only in ipsilateral responses.

The same was the case with vasoconstrictor responses

in the skin. From this observation, Lindgren con-

cluded that the mesencephalon constitutes the lowest

integrating level for the vasodilator tract. Following

supracollicular decerebration, vasodilator responses

persisted on stimulation after a sufficient length of

time had elapsed for degeneration of the severed

neurons. This persistence of vasodilator responses

inust mean that fresh neurons originated from the

collicular area.

Hypothalamus

Intrahypothalamic stimulation produces vasodila-

tation in the skeletal muscles of both the cat and the

dog [Eliasson et al. (75, 76)], in the cat frequently ac-

companied by vasoconstriction in the skin of the paw

and in the intestines. In the dog, on the other hand,

it elicited a more or less selective activation of the

sympathetic \asodilator outflow. Neither acceleration

of the heart nor other signs of sympathetic activity

were observed to occur. The vasodilatation produced

in the muscles could amount to five or si.x times the

basal value; it could be made maximal (fig. 13) and

could arise without any significant changes in the

arterial pressure, evidently because compensatory

vasoconstriction simultaneously occurred elsewhere.

\'asodilatation elicited by hypothalamic stimulation

was invariably bilateral.

In the experiments of Uvnas et al. sympathetic vaso-

dilator discharges could l)e evoked only h\ stimulation

within a fairly limited area of the hypothalamus ex-

tending along the mid-line. This finding contrasts with

the diffuse distribution of pressor and depressor points

throughout the hypothalamus, notably the lateral

part, reported by earlier workers.

Since the sympathetic vasodilator outflow can also

be activated by intrahypothalamic stimulation in

chronic decorticate animals [Eliasson et al. (77)],

the cell bodies of these vasodilator neurons are located

in the hypothalamus where a vasodilator path origi-

nates. This path in its hypothalamic course ran from

3 mm rostral to the anterior commissure between the

internal capsule and the mid-line, extending caudad

along the mid-line in a somewhat dorsocaudolateral

direction, reaching the ventromedial border of the

ventrothalamic nuclei. During its posthypothalamic

course it ascends steeply towards the tectal region

where it reaches a position in the collicular area about

3 mm beneath the dorsal surface of the brain stein and

3 to 5 mm lateral to the mid-line.
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FIG. 13. Vasodilator responses

in skinned hind leg of a dog. A:

Responses after intra-arterial in-

jection of acetylcholine; /) saline

control, increase of flow 10 per

cent; 2) 0.002 /iig, 150 per cent;

5) 0.02 iig, 170 per cent; 4) 0.2

fig, 270 per cent; 5) 2 /ig, 300

per cent. B: Responses to hypo-

thalamic stimulation for 15 sec.

/) 0.5 V. intensity, increase of flow

5 percent; 2) 0.75 v., 80 per cent;

3) i.o v., 120 per cent; 4) 1.5 v.,

190 per cent; 5) 2.0 v., 240 per

cent; 6) 2.5 v., 280 per cent. C-

Responses after o. i mg per kg

atropine: /) stimulation with 1.5

v., increase of flow 10 per cent; 2)

0.02 ;ig acetylcholine, 25 per

cent. [From Eliasson el al. (76).]
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Cerebral Cortex

Eliasson et al. (76) presented evidence showing that

the sympathetic vasodilator outflow has a cortical

representation. Vasodilator responses were observed

on electrical stimulation of the motor cortex of the

dog in an area between the cruciate sulcus and the

sulcus considered to be homologous to the fissure of

Rolando. Eliasson et al. also observed a few sub-

cortical vasodilator points indicating the existence

of a corticohypothalamic pathway. The available

histologic data do not allow any definite conclusions

regarding the anatomical course of these vasodilator

neurons. However, the latter seem to pass from the

cortex within the internal capsule to structures in the

anterior part of the hypothalamus.

Physiologic Signijicance of Sympathetic

Vasodilator Nerves

It is somewhat remarkaiile that notwithstanding our

fairly wide knowledge of the cerebral representation

of the sympathetic vasodilator outflow, we know vir-

tually nothing about its functional significance. In

my own opinion the contributions recently made by

Swedish investigators lend considerable weight to the

view that the sympathetic vasodilator outflow is

limited to the skeletal muscles, at all events in the

dog and cat. This at least applies to that sympathetic

vasodilator outflow the intracerebral representation

of which has been studied by these investigators.

The vasodilatation in skeletal muscle observed by

Green & HofT (107) and Lund (157) on stimulation

of the sigmoid gyrus in cats or areas 4 and 6 in mon-

kevs was attributed by them to diminution of vaso-

constrictor tone. However, in the absence of decisive

evidence, one might ascribe it equally well to activa-

tion of the vasodilator system.

The fact that the sympathetic vasodilator outflow

has cortical, hypothalamic and mesencephalic relay

stations suggests that it in some way takes part in the

integrative control of the muscle blood flow. It is

generally considered that the response pattern charac-

terizing emotional reactions such as fear, anger, anx-

iety, sexual excitement and other situations requir-

ing sudden mobilization of the organism's resources

is in some way dependent on the integrative action of

the hypothalamus. The increase in the cardiac output

that attends muscular work is distributed, by means of

shifts of tone in the peripheral vessels, chiefly to the

muscles. Activation of the sympathetic vasodilator

outflow by hypothalamic stimulation gives rise to a

redistribution of blood that is characteristic of emer-

gency reactions. This system can produce vasodila-

tation in the muscles and simultaneously \asocon-

striction in the skin and viscera. Further, there is

activation of the adrenals, with selective liberation

of epinephrine. The amounts thus liberated do not

suffice to produce vasomotor reactions in the muscles

and skin, but they arc sufticient to increase the met-

aijolic processes in the muscles, heart and other

organs. One is tempted to assume, therefore, that

the sympathetic vasodilator nerves are activated in

circumstances which require optimal conditions for

muscular effort.

The question arises whether or not the sympathetic

vasodilator nerves mav be involved in the control of
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the muscle blood flow e\-en if the orsjanism is not

under stress. It is well known that the initiation of

voluntary muscular actis'ity is accompanied by in-

stantaneous, or even anticipatory adjustments in the

respiratory and circulatory systems to meet the in-

creased metabolic demands, adjustments occurring

with such rapidity that the effector mechanisms are

necessarily nervous. .Since the vasodilator neurons

have their origin in the motor cortex, they may be

concerned in some way with the initial adjustment of

the muscle blood flow during exercise.

Although the sympathetic va.sodilator ner\es may
pla\' .some part in the initial rise of blood flow in the

muscles at the start of muscular exercise, they are not

necessarily involved in the regulation of the muscle

blood flow during e.xercise. Numerous British inves-

tigators have shown, in both animals and man, that

adequate vasodilatation occurs during e.xercise even

in the muscles of a sympathectomized extremity.

No evidence has emerged to show that the sympa-

thetic vasodilator nerves are involved in depressor

reflexes, at least in anesthetized animals. The de-

pressor center of the medulla oblongata can be de-

stroyed locally, and medullary vasodepressor reflexes

thus abolished, without affecting the sympathetic

vasodilator pathway.

The sympathetic vasodilator tract, and also those

vasoconstrictor fibers that accompany it, does not

appear to exert any tonic influence on skeletal

muscle vessels, again in anesthetized animals, since

in them section of the pathways in their medullary

portion does not affect the blood flow in the skeletal

muscles.

OBSOLETE VASODILATOR CENTER HYPOTHESIS

When Bayliss early this century propounded his

vasodilator center theory, which he subsequently

elaborated in his monograph of 1923 (29), he as-

sumed that this center had not only an inhibitory re-

ciprocal action on the vasoconstrictor center, but also

exerted a direct influence on the tone of the peripheral

vascular bed by tonic discharges via vasodilator

nerves. In his view, gained from experiments on dogs

and rabbits, the sympathetic vasoconstrictor tone

was slight or quite inappreciable in those animals. He
was therefore obliged to attribute depressor reflexes

largely to excitation of vasodilator nerves rather than

to inhibition of vasoconstrictor tone. Since Bayliss

was unaware of the existence of sympathetic vaso-

dilator nerves, he had to seek vasodilator nerves of

nonsympathetic origin. It was reasonaiile for him to

assume that these should be sought in the dorsal root

fibers since both his own observations and those of

Strieker (196) had shown that mechanical and elec-

trical stimulation of those fibers could produce anti-

dromic vasodilatation. Moreov^er, parasyinpathetic

vasodilator fibers were known, and they were assumed

to take part in the central \asodilator nerve control

of the peripheral \ascular bed.

With our present knowledge of the physiology of

the central ner\ous system, it is scarcely plausible

that vasodilator impulses would be directed from the

medulla oblongata in an antidromic direction, via

afferent fibers, to the skin and mu.scles. It was to

these areas that the antidromic vasodilator impulses

were considered to lead. All experimental experience

indicates that such a reversed synapse passage is un-

likely under physiologic conditions. It is also diffi-

cult to conceive of two flows of impulses in opposite

directions passing through one and the same neuron

without entering areas refractory to each other and

hence being abolished. It is astonishing to find that

this notion of the centrally controlled antidromic

vasodilator outflow still persists today, in spite of its

inherent implausibilities.

Bayliss' experimental evidence, as discussed in

detail by Uvnas (204) and Folkow el al. (89), is by no

means unimpeachable. One of his chief arguments

was that depressor nerve stimulation produced reflex

vasodilatation in an extremity even after sympathec-

tomy. Yet he observed that vasodilator responses

were not always abolished by complete denerv-atioii of

the leg. This finding should have aroused his suspi-

cions, but rather surprisingly he stated that "these ex-

periments were naturally rejected." Dole & Morison

(65) conducted experiments on dogs and cats with a

plethysmographic technique largely conforming to

that of Bayliss and found that a depressor reflex was

sometimes attended by an increase in the leg volume,

not only after sympathectomy, but even after total

denervation of the leg—i.e. even after section of the

afferent innervation—and they therefore concluded

that the vasodilatation could not be of nervous origin.

Frumin et al. {93) employed a cross-circulation

technique, measuring the blood flow in the femoral

artery. With depressor reactions elicited in different

ways, they obser\ed an increase of blood flow in the

cross-perfused leg. This reflex increase generally dis-

appeared after .sympathectomy, but whenever it per-

sisted it was due to the presence of an overlooked

collateral circulation in the cross-perfused leg. The

moment this collateral circulation was eliminated, all
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postsympathectomy reflex vasodilalor responses dis-

appeared.

Nor has direct stimulation of tiie \asodilator region

in the medulla oblongata yielded evidence of the

existence of vasodilator nerves [Lindgren & Uvnas

(153, 154), Frumin et al. (93)]. A cross-circulation

technique permitting the blood flow to be studied

independently of the falls in arterial pressure revealed

very substantial rises of blood flow in muscles and

cutaneous vessels of the cross-perfused leg. Neither of

the above-named groups of authors were able to find

even the slightest increase of flow in muscles or skin

after sympathectomy. Sensory denervation (section of

the spinal cord below L4), on the other hand, had no

influence whatsoever on the vasodilator efTects that

were produced by stimulation of the depressor area.

Bach (19) is one of the last advocates of the vaso-

dilator center theory. In his opinion the dorsal root

vasodilator system exerts a tonic vasodilator control.

Using cats in which almost the whole spinal cord was

exposed, he developed a method for rapid and com-

plete section of all the dorsal or ventral nerve roots

from the fourth cervical to the fourth lumbar nerves.

In those cats in which the arterial pressure at the

start of the experiment was sufficiently high (100 to

1 30 mg Hg) to permit a study of depressor reflexes,

stimulation of a depressor nerve produced a slow,

but well-defined, decrease in arterial pressure. Fol-

lowing resection of all the dorsal roots the pressure

rose 20 to 40 mm Hg, from which Bach concluded

that these nerves normally exerted a vasodilator tone.

The fact that no depressor reflexes were obtained in

the deafferented animal, even though the sympa-

thetic vasoconstrictor innervation was intact, provided

"direct evidence that the dorsal root fibers are an

essential pathway for initiation of the reflex vasodilata-

tion."

Against Bach's conclusion the objection can be

raised that inhibition of vasoconstrictor tone has been

indisputably demonstrated in depressor reflexes. Ap-

parently in Bach's experiments the animals were in

such poor condition that vasoconstrictor tone had

disappeared. It may be added that cutting of the

dorsal roots with the technique used by Bach was

bound to evoke a violent discharge, with reflex vaso-

constriction and adrenal secretion, so raising the

arterial pressure.

Since antidromic vasodilator impulses were con-

sidered chiefly to pass to the skin, they might con-

ceivably mediate cutaneous vasodilatation of central

origin. Folkow and his associates (88, 89) produced

marked vasodilatation in the skin of the cat paw by

diathermic heating in the temperature-regulating

area of the anterior part of the hypothalamus.

Sympathectomy—acute or chronic—completely abol-

ished this response; however, it remained unchanged

after sensory denervation of the paw.

On the basis of the accumulated experimental evi-

dence it is, therefore, safe to conclude that there

exists no centrally controlled antidromic vasodilator

outflow via dorsal root fibers. Such a statement does

not, of course, mean that antidromic vasodilator

nerves are nonexistent. On the contrary, antidromic

vasodilator impulses certainly play an important role

in the local regulation of cutaneous circulation. How-
ever, the physiology of axon reflexes is beyond the

scope of this article.

As mentioned above, parasympathetic \asodilator

nerves were also thought to be involved in Bayliss'

vasomotor regulation mechanism. The experimental

evidence for the participation of these nerves in pressor

and depressor reflexes is even less impressive than for

that of dorsal root fibers. Celander & Folkow (52),

like Lindgren & Uvnas (153, 154), were unable to find

any evidence of an activation of parasympathetic

vasodilator fibers to the tongue or the intestines in

depressor reflexes elicited by stimulation of aff"erent

vagal fibers or by direct electrical stimulation within

the medullary depressor area.

The hypothesis of a bulbar vasodilator center im-

plies the existence in the medulla oblongata of an in-

tegrating area which relays incoming impulses to \ari-

ous vasodilator nerves. If the hypothesis were true, it

should be possible to activate the center by eliciting

reflex vasodilation or lay direct local stimulation of

the structures in question.

Since vasodilator nerve discharges occur neither in

depressor reflexes evoked by afferent stimulation of a

sinus, a vagus or a peripheral sensory nerxe, nor in

vasodilatation produced by stimulation in tiie de-

pressor area, the aforementioned requirements for

the existence of a vasodilator center within the de-

pressor area are lacking. On the whole, there seems

no reason whatsoever to assume the existence of a

bulbar vasodilator center in the sense' that this center

would form an integrative area governing the activity

in the various vasodilator nerve outflows.

It is true that a discharge in the sympathetic saso-

dilator nerves to the skeletal muscles can be brought

about by direct stimulation within a 'vasodilator

band' running in the rostrocaudal direction in the

ventrolateral part of the medulla oblongata. How-
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ever, this 'vasodilator band' forms the bulbar part of

that sympathetic vasodilator outflow to the muscles

which, originating in the motor cortex, passes to the

spinal cord. There are no experimental data to sup-

port the opinion that it is an integrative vasodilator

area.

The tonically active vasomotor areas of the medulla,

the pressor and the depressor areas, thus modulate

\ascular tone solely by \'arying the vasoconstrictor dis-

charge, as schematically outlined in figure 14.

VASOCONSTRICTOR INHIBITION AND VASODILATOR

ACTIVATION : TWO FUNCTIONALLY SEPARATE

VASODILATOR MECHANISMS

The vasodilatation associated with medullary vaso-

depressor reflexes, as pointed out above, is due to a

reduction of vasoconstrictor tone. This vasodilata-

tion is totally abolished by sympathectomy but is

quite unaffected by sensory denervation. Further, it

is abolished by sympatholytic drugs which block the

effect of the vasoconstrictor transmitter. Vasodilata-

tion due to inhibition of vasoconstrictor tone is not

influenced by atropine.

In skeletal muscles vasodilatation can be produced

by intracerebral stimulation of sympathetic vaso-

dilator nerves. Atropine, as has been repeatedly

pointed out, completely abolishes these vasodilator

eff"ects since the sympathetic vasodilator fibers are

cholinergic. The complete subsidence of vasodilata-

tion shows that it is not due to inhibition of vaso-

constrictor tone.

There are, accordingly, two vasodilator mecha-

nisms, effected via sympathetic nerves: a) inhibition

of vasoconstrictor tone and b) initiation of vasodilator

activity. Available evidence suggests that these two

vasodilator mechanisms are functionally separate.

Destruction of the depressor region in the medulla

oblongata abolishes the medullary vasodepressor

reflexes [Scott (192), Lindgren & Uvnas (153, 154)]

but has not the slightest effect on the sympathetic

vasodilator outflow in the medulla oblongata. Hypo-

thalamic stimulation, for instance, is still able to pro-

duce va.sodilatation in the skeletal muscles [Lindgren

& Uvnas (153, 1 54)]- The two vasodilator mecha-

nisins, vasodilator activation and vasoconstrictor in-

hibition, have never been experimentally observed

to be elicited simultaneously.

Other vasodilator nerves, the vasodilator to the

TRUNCUS SYMPATICUS

NERVUS SPINALIS

FIG. 14. Schematic drawing showing suprameduUary and
afferent influences on the medullary pressor and depressor

areas, and the projection of excitatory and inhibitory impulses

on the spinal vasomotor neurons. Sympathetic vaso-

constrictor fibers, .... sympathetic \asodilator fibers; Y
medullary pressor area, © medullary depressor area.

tongue and to the erectile tissues of the genitals take

part in the local regulation of blood flow according to

the needs of the local activity.

The vasodilator outflows seem to be devoid of tonic

activity and there is no interaction between the vaso-

constrictor and the vasodilator outflows. However, all

experiments designed to elucidate the organization

of the central vasomotor control have been performed

on narcotized animals. Anesthesia, without doubt,

has a strong depressive action on suprameduUary

synapses and neurons. The possibility' is not excluded,

therefore, that in the nonanesthetized animal the
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FIG. 15. Adjustments of renal blood How during asphyxia.

A: Asphyxia for 2 min. 15 sec. with sympathetic innervation

and adrenals intact. B: Asphyxia for 1 min. 50 sec. with sympa-

thetic innervation cut. C: "Perfusing" arterial pressure lowered

by partial occlusion of abdominal aorta. [From Celander (51).]

vasodilator nerves both have a spontaneous activity

and participate in integrating mechanisms not re-

v^ealed in animals under anesthesia.

NERVOUS CONTROL OF VENOUS SYSTEM

There are indications in the earlier literature

that vascular reflexes influence vasomotor tone not

only on the arterial but also on the venous side. Quite

recently Alexander (8), using the distensibility of veins

as the criterion of such responses, observ'ed veno-

constriction following evocation of pressor reflexes by

central vagal stimulation, carotid sinus hypotension,

hypercapnia and hypoxia. Dilatation of the venous

bed occurred with carotid sinus hypertension. Alex-

ander showed too that venomotor tone rises sharply

with hemorrhage. In reversible shock venomotor tone

rose commensurately with recoxery. In irreversible

shock, on the other hand, vcnodilatation occurred

which Alexander (g) concluded led to pooling of blood

in the venous system, an important factor in circula-

tory failure.

Measurements of venomotor tone in anesthetized

dogs revealed a reflex mechanism capable of dilating

the intestinal veins in response to an elevation of pres-

sure in the abdominal caval .system. "Acting sub-

ordinate to the buffer reflexes of the arterial side of

the circulation these \enous reflexes would serv-e to

adjust venous capacity to venous load so as to con-

tribute to homeostasis in a vascular system" [Alex-

ander (10)].

SIGNIFICANCE OF THE .ADREN.'^L MEDULL.A

IN CARDIOVASCUL.\R REGULATION

The commonly used term, 'the sympathicoadrenal

system,' reflects the view that the .sympathetic nervous

system has two effector components, a direct, nervous

and a hormonal, adrenal. The discharge of catechols

from the adrenal medulla is thought to reinforce the

direct action of the nervous impulses in the sympa-

thetic nerves. This concept arose particularly from

the work of Cannon and his associates on responses to

the various emergency states. These responses have

been described by Cannon (49), Cannon & Rosen-

blueth (50) and others.

The general subject of adrenal medullary secretion

is presented in Chapter \"II of this Handbook by von

Euler. Here there will be considered recent work by

Celander (51 ) throwing doubt on the validitv of the

concept that adrenal medullar)- i-ecretion plays any

significant role in cardio\ascular regulation. C^elander

stimulated the splanchnic nerves of cats and deter-

mined the rate of the resulting epinephrine and nor-

epinephrine secretion. Infusing the catechols intra-

venously at this rate, he found the vascular effects to

be small compared with those produced by the original

stimulation of the splanchnic ner\e. Again, the intense

vasoconstriction in the skin, the skeletal muscles and

the kidneys produced by asphyxia became insignifi-

cant after sympathectomy in spite of intact adrenal

innervation (fig. 15). Celander further showed that

the \'ascular changes produced by stimulation of the

sympathetic nerves to a vascular area, with optimal

frequency of stimuli, were 10 to 20 times greater than

those elicited by the adrenal catechols secreted as the

result of corresponding stimulation of a splanchnic

nerve.

The oljservations of Celander are important since

the\' strongly suggest that the central va.somotor con-

trol is dominated by the neural component. It may be

questioned whether the adrenals under physiologic

conditions play any significant role in the central

vasomotor control.
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CHAPTER XLV

Central control of digestive function
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Role of the Central Neisous System in Digestive Function
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Gastric Secretion

Emotional Influence on Digestive Function

ROLE OF THE CENTRAL NERVOUS SYSTEM

IN DIGESTIVE FUNCTION

THE MAIN FUNCTIONS of the digestive system are

mechanical and chemical subdivision of the ingested

material, transportation, absorption and excretion.

These functions present no problem in the one-celled

animal but become increasingly complex at the

higher developmental stages. The increase in size of

the animal and the introduction of regions with spe-

cialized functions in the digestive systein parallels

the development of local nervous mechanisms with

regulatory functions. These consist of groups of nerve

cells which coordinate activity in neighboring regions

of the alimentary canal. These cells presumably also

receive impulses from receptors in the wall of the

intestine. When a central nervous system is de-

\eloped, some of the information about the state of

the digestive system is transmitted to the brain. In

the brain the information is correlated with informa-

tion received from other .sources which have direct

or indirect influence on the digestive functions. The
integrated response is relayed to the local regulatory

mechanism or directlv to the effector organs. Thus

the central nervous system exerts partial control o\er

the activity in the digestive system.

The pertinent questions regarding the relationship

between the central nervous system and the digestive

system are, first, to what extent does the central nerv-

ous system participate in normal digestive function?

And second, to what extent do pathological changes

in one system affect the other? An attempt to provide

an answer to these questions must take into considera-

tion the fact that different animals may have found

different solutions to the same problems. The primary

requirement that nutritional substances of the right

consistency and in the correct amount are distributed

over a surface suitable for absorption must be met.

(The control of food intake by hunger and appetite

is considered in Chapter XLVII of this Handbook

by Brobeck.) In animals with .similar anatomical

structure and nearly identical requirements, the

relative importance of central and peripheral factors

may still vary.

It is theoretically possible to reach an answer to

the simple question of the importance of the central

nervous system for digestion (or for any other func-

tion) simply by removing as much of it as possible.

Such an experiment can definitely give us information

as to whether the organism can or cannot perform

digestive functions after the procedure. It does not

give any information about the normal participation

of the central nervous system in digestive function.

Removal of small localized regions of the brain or

cord may cause a change in the output to the digestive

system whether the removed region was a part of the

central control system for digestive function or not.

Electrical stimulation of various regions of the brain

will cause changes in the activity of the gastrointes-

tinal canal. These regions then have access to path-

1163
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ways for impulses to the clie;cstive system. Not all of

these areas probably are normally concerned with

regulation of digestixe function. The areas found must

fill one of two qualifications. They must be concerned

with the initiation or performance of one particular

function, in which case this hmction must be per-

manently damaged by remo\al of the area; or they

must be concerned with the modification of digestive

function according to information of importance to

the system. In the first case electrical stimulation will

initiate what is usually a spontaneous event; in the

latter, it will imitate the arrival of impulses which

lead to a modification of digestive function. In the

latter case the incoming impulses can be trom the

digestive system or from some other system. If we then

establish a series of areas which on stimulation change

digestive function, we must also establish the nature

of impulses incoming to those areas.

It is conceivable that we inight acquire some idea

about the basic relations between the central nervous

system and the digestive system by a study of the

phylogenetic development of the relations between

the two systems. The information availal:)le is rather

scantv, however, as will be seen in the following pages.

COMPAR.\TIVE PHYSIOLOGY

The coelenterates have a diffuse network of nerve

fibers with intermingled cells. Part of this network is

located in the gastrodermis. It is not clear whether

the nerve net participates in the extracellular digestion

or not, but it is probably connected with the feeding

mechanisms (82). These mechanisms reach a high

degree of complexity at a stage when transport of the

ingested food is still effected through simple flow cili-

ary motion or the accessory action of the body wall.

Only exceptionally does the nervous system partici-

pate in the regulation of ciliary action (64). Rhythmic

movements of the gastrointestinal canal appear first

in the gastropods and rhythmic secretion after feeding

is observed in Helix (54). Carriker (ig) found an

abundance of nervous tissue about the stomach region

of the snail, Lymnaea stagnalis appressa, indicating

possible nervous control. Removal of the verticalis

complex in the brain of the cephalopods inhibits food

intake for several days according to Sanders &
Young (79) but does not affect the digestive process.

In annelids the influence of the nervous system on the

gastrointestinal tract is remarkably similar to the

relations in primates. Excitatory and inhibitory fibers

can be demonstrated (66), and VVu (97) found that

electrical stimulation of the annelid brain inhibited

or excited gastrointestinal motility.

The arthropoda show a great variety in structure of

the feeding tube depending on the type of food in-

gested, but little evidence has been brought forward

indicating nervous control. The insects have innerva-

tion to the anterior portion of the gut from the fore-

brain, possibly via the subesophageal ganglion.

Gersch (38) showed that stimulation of the nervous

system in the gnat Corethra caused antiperistaltic

movements. The functions of the visceral nervous

system in lower animals remain obscure.

Even if the stomach appears first as a specialized

structure in the fishes, there is no evidence that these

animals need the central nervous system for gastro-

intestinal coordination. The goldfish can perform

its gastrointestinal functions without a brain (82).

Amphibians and birds lose their feeding reactions

after removal of the brain, but whether this is due to

lack of initiative or involves coordinating mechanisms

is not clear. Decerebrate mammals show definitely a

lack of initiati\e, init food placed in the pharynx will

be swallowed and adequately digested.

Even if we have ample morphological evidence that

the central nervous system and local nervous net-

works enter into relation with the gastrointestinal

system at a fairly early stage in development, there

is little proof of a constant physiological relationship.

For comprehensive reviews of the role of the periph-

eral nervous system see Yonge (98) and Colin Nicol

(21).

MASTICATION

Rhythmic chewing can easily be elicited by elec-

trical stimulation of the lower part of the motor cor-

tex. Repeated observations in a wide variety of ani-

mals have confirmed this observation (31, 65, 78).

Experiments by Bechtercw (15) seemed to indicate

the presence of a .subcortical center, located in the

substantia nigra and responsible for the rhythmicity

in chewing. Magoun et al. (60) established that

rhvthmic chewing could no longer be obtained on

stimulation of subcortical regions after cortical ex-

tirpation. Bremer (17) had earlier denied, on theo-

retical grounds, the existence of a subcortical station.

It was not possible for Rioch to confirm Bremer's

observation that the cortical masticatory center was

divided into three parts. Instead he postulated that

the main function of the cortical masticatory center

was 10 inhibit the tone of the jaw openers, and that
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proprioceptive reflexes would then cause the rhyth-

micity in the movement. That it is possible to produce

rhythmical chewing on stimulation of subcortical

areas was shown by Hess & Magnus (47). The regions

stimulated by these authors were localized in the

\entral nucleus of the thalamus, in the hypothalamus

and in the septal areas.

In addition to these observations wiiich may per-

tain to different parts of the same pathway, Rioch &
Brenner (77) showed that irregular licking, chewing

and swallowing could be elicited by electrical stimu-

latitjii of the region of the tuberculum olfactorium

and the lobus pyriformis. Similar obser\ations had

been made earlier by .Schaltenbrand & Cbbb (81).

Gastaut et al. (37), Vigourou.x et al. (91) and Kaada

(50) found that the effect was mainly due to acti\a-

tion of the amygdaloid nuclei or efferent fibers from

this region. Kaada et al. (51 ) localized the responsive

region to the anteromedial group of the amygdaloid

nuclei.

In almost all of the ob.servations pertaining to this

second .system, it has been noted that there is a long

latent period before the onset of the chewing respon.se

(36). This is of considerable interest when we compare

the results of similar stimulation in man. It was ob-

served by Jack.son (89) that there is a type of epilepsy

characterized by masticatory seizures. These seizures

have their focus in the region of the temporal lobe as

described by Penfield & Jasper (72) and by Magnus

el al. (59). Mastication is not a part of the initial

seizure but belongs rather to the accompanying autom-

atisms and does not occur when the patient is con-

scious. The most likely region involved would be the

amygdaloid nuclei and these have connections with

the septal areas, the hypothalamus and the mid-

brain (61). The masticatory aspect of the seizure may
then be due to secondary activation of more deeply

situated regions, possibly the same as those Hess &
Magnus (47) and Magnus (58) have found to re-

spond to electrical stimulation in the septal and hypo-

thalamic areas. It is interesting to note that it has

not been possible in man, in spite of frequent at-

tempts, to reproduce the constant activation of rhyth-

mic chewing that occurs in animals. Removal of the

cortical areas implicated either in man or experi-

mental animals does not normally seem to interfere

with masticatory mechanisms. Schaltenbrand &
Cobb (81) ob.served no deviation from the normal

feeding pattern after bilateral hemispherectomy in

cats. If, on the other hand, the animals are decere-

brated, mastication is severely impaired (13). Food

placed in the mouth of the animal will stay there

indefinitely. Destruction of the temporal areas does

not affect digestive function in animals (73).

It must then be considered highly questionable if

the amygdaloid areas normally have anything at all

to do with the chewing mechanisms. The role of the

motor cortex is doubtful in man. As first suggested

by Magnus et al. (59), mastication, like walking, may
be one of those automatic functions which in man
have become localized in subcortical regions.

SW.IlLLOWING

The act of swallowing is a mechanically compli-

cated act wliich in the higher mammals involves some

20 muscles which act together in groups. The process

does not depend on activation of these muscles in a

certain order, as shown by the fact that destruction

of one muscle does not affect the act of swallowing

appreciably (25). Nor is there then reason to believe

that proprioceptive fibers from one muscle facilitate

the activation of the next muscle in the pattern.

Meltzer (63) postulated in 1899 that the orderly

progress of deglutition must be of central origin. He
thought that afferent impulses arriving at the center

of deglutition traveled through this in orderly

fashion, activating cell groups innervating the pharyn-

geal muscles and the esophagus. It had been es-

tablished by Pommerenke (74) that swallowing was

impossible without an afferent stimulus and Meltzer

added the observation that, once initiated, the swal-

lowing act did not require further afferent stimula-

tion. In order to explain the central mechanism of

the swallowing act we would have to assume that the

afferent stimuli set up an excitatory process in the

motor nuclei, either through specific pathways or

through a diffuse interneuronal system (25). The

small changes that occur from swallow to swallow

which were observed by Doty & Bosma with electro-

myography make it unlikely that specific pathways

could exist. We would still have to assume that there

is some regulating factor which gov-erns the delay in

the interneuronal system so that the impulses arrive

at the appropriate motor nuclei in orderly fashion.

The nature of this regulating factor remains un-

known. Stimulation of the posterior part of the

pharynx does not evoke only swallowing responses.

Retching, gagging and salivation can also occur and

it is conceivable that psychic factors or .sensory stimu-

lation from taste and smell receptors may be neces-

sary to determine the type of response to afferent

stimulation. We have some experimental evidence
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that supranuclear regions influence the swallowing

response or can in themselves initiate a swallowing

movement. Part of the response to amygdaloid stimu-

lation is a swallowing movement (50), and Hess &
Magnus {47) have observed swallowing in response to

hypothalamic and septal stimulation. None of these

regions are necessary for the performance of swallow-

ing movements since the decerebrate animal swallows

if food is placed far back in the pharynx (13). Nor

can any of these regions or any other region inhibit a

swallowing movement once started. Following the

initiation of the movement, activation of medullary

and spinal nuclei follow and the activity is inde-

pendent of the status of the esophagus. The excitation

may spread to the stomach since Lorber et al. (57)

showed that sham feeding changed gastric motility.

Superior laryngeal nerve stimulation changes the

motility of the small intestine (5). That there may be

some local regulation is indicated by the fact that

the spinal animal shows reflex opening of the cardia

if the lower part of the esophagus is distended.

G.ASTROINTESTIN.^L MOTILITY

The empty stomach has a certain degree of tonus

and a Ijasic rhythm. When food enters the stomach or

when a distended balloon is introduced, a receptive

relaxation occurs which is later followed by an in-

crease in tone and an augmentation in frequency

and amplitude of the peristaltic waves. Sensory

stimulation, certain psychic phenomena and nausea

are accompanied by changes in tone and motility

of the gastrointestinal tract. It is apparent that both

central and peripheral factors participate in the con-

trol of gastric motility. Many attempts have been

made in a wide variety of animals to study the abso-

lute and relative role of these factors (6).

The studies of the peripheral factors with wliich

we are concerned are those which refer to the central

projections of the distention receptors in the stomach.

Other peripheral impulses arising in the stomach or

the peritoneal cavity have been of interest. Without

especially studying the gastric fibers invoh'ed,

Bailey & Bremer (11) in 1 938 established the exist-

ence of vagal projections to the orbital surface. These

observations have been repeatedly confirmed, and

Dell & Olson (24) showed that there are also vagal

projections to the amygdaloid region. Splanchnic

projections and pathways have been studied care-

fully (1,3, 35). The projection areas for these fibers

were found in the somatosensory cortex (2, 26, 27).

Along their pathway splanchnic fibers make connec-

tions with the reticular formation, and impulses in

these fibers affect the central excitatory state of the

brain (34, 86, 87).

It was later shown by Paintal (67) and Iggo (48)

that there are tension receptors in the stomach and

that these send impulses via the vagus nerves. The
central projections of the.se end organs have not yet

been found. Eliasson (29) found that varying the dis-

tention of the stomach changed the effect of cortical

stimulation on gastric motility although only quanti-

tatively. Similar variations in response occurred on

stimulation of the vagus ner\es (68). It is likely that

the impulses aroused bv distention could influence

the net effect of cortical or hypothalamic stimulation

via the midbrain. The changes in gastric motility

noted by Eliasson (30) following stimulation of ex-

tensive areas in the midbrain may be regarded as

unspecific effects of reticular formation activation or

as eff"ects of stimulation of afferent fibers belonging to

different systems (23). Babkin & Bornstein (7) found

that vestibular stimulation may cause a rhythmic

type of gastric contraction which probably reflects a

rhythmic discharge in the reticular formation.

Much experimental work has been done on the ef-

fect of cortical stimulation on gastric motility (29,

50, 84, 88). Many fewer oljservations have been

made on its effect on intestinal motility (88). The
extensive cortical representation found in experi-

mental animals does not seem to have any counter-

part in man. Penfield's group has, in spite of many
thousands of cortical stimulations, found only the

area around the insula and the bands of the Sylvian

fissure to be connected with gastrointestinal activity

(72). Epileptic seizures involving a gastric aura were

found to have their origin in this region, and elec-

trical stimulation of the area led to vague gastric

sensation and marked changes in the electrogastro-

gram (71). The change could be either an increase or

a decrease; and, in the only case in which the insula

was removed and the gastrointestinal motilit\- ob-

served, hypermotility was noted.

The corresponding region in animals, nameh the

insulo-orl)ital or orbital region, has been studied

extensively (10, 12, 46). Vagal aff"erents project to

this region; stimulation leads to inhibition of gastric

motility or sometimes to excitation. However, abla-

tion of the orbital surface seems to be without effect

on gastrointestinal motility (9). Hess & Akert (45)

obtained evidence for projection of fibers concerned

with oral sense to the orl^ital surface. They assumed

then that the orbital surface would be concerned with

oral defense mechanisms. The changes in gastroin-
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testinal motility might indicate that sensory fibers

from the stomach also project to this area.

Another group of cortical structures which seems

to be connected with gastrointestinal motor coordina-

tion consists of the subgenual portion of the cingulate,

the olfactory fibers and the amygdaloid nuclei.

Changes in gastric motility on stimulation of one or

more of these areas have been observed by se\eral

authors (4, 8, 10, 29, 50, 51, 83, 85, 88). These areas

may all be part of the same system, and the variation

in stimulation effects may be due to variations in the

tone of the gastrointestinal tract or to interaction at

the brain-stem lev-el. It is also possible to affect gas-

tric movements from the sensorimotor corte.x, an

influence which may be exerted via the reticular

formation. It must be remembered that all of the

areas implicated, with the exception of a parietal

region described by Eliasson (29), are parts of the

cortical areas shown by French et al. (33) to project

to the brain stem. The stimulatory effect would then

not indicate that these cortical regions are specifically

concerned with gastrointestinal regulation. The lack

of known projections to the cortical regions dis-

cussed (with the exception of the orbital surface)

would speak against their specificity. The cingulate

cortex is the only part the removal of which seems to

lead to increased gastric motility (9).

The hypothalamus was early implicated in the

control of gastrointestinal activity. The earlier litera-

ture and the evidence for and against the existence of

sympathetic and parasympathetic centers in the

anterior and posterior parts of the hypothalamus were

reviewed by Sheehan in 1939. Strom & Uvnas (88)

and Eliasson (30) found it possible to change the

gastrointestinal response to hypothalamic stimula-

tion by moving the electrode as little as i mm and

could not confirm the division into sympathetic and

parasympathetic regions. Probably both afferent and

efferent pathways from and to the gastrointestinal

tract pass via the hypothalamus, and the richness of

responses to electrical stimulation may be due to the

large numbers of fibers and cells in one small region.

Some of the fibers must synapse since removal of the

cortex does not influence the response to electrical

stimulation of the hvpothalamus. The changes in

intestinal motility that occur on electrical stimulation

indicate that adjacent segments of the aliiTientary

canal change their motility in the same direction (88).

This is not compatible with a normal regulatory func-

tion, and it is likely that the intestinal canal under

physiological circumstances is relatively independent

of central nervous system impulses.

VOMITING

\'omiting can be considered as an extremely com-

plicated reflex act in which, in response to afferent

stimulation, a coordinated reflex involving striated

muscles, gastric musculature, respiratory movements

and vasomotor reflexes takes place. If a center is to be

accepted, this must be localized in the place where

immediate connection with all of these different

motor neurons are available. This system is not as

complicated in lower animals as in man. In the lower

animal the expulsion of the food contents of the stom-

ach is mainly effected through rapid contraction of the

gastric musculature with concomitant opening of the

cardia or related structures (42). Most of the experi-

mental work in this field has been done on cats and

dogs. The earlier investigators thought that there

might possibly be two centers, one being responsive to

morphine, the other to copper salts. This was dis-

proved by Thumas (90) who localized a vomiting

center in the dog with definite anatomical limits.

He found a small area in the posterior part of the

rhomboid fossa vvhicli was more sensitive to the emetic

action of apomorpliine than any other and which on

destruction made the dog insensitive to the action of

apomorpliine. Hatcher & Weisz (43) in repeating

Thumas" experiments were led to believe that the

true vomiting center was localized in the dorsal

nucleus of the vagus nerve. The area localized by

Thumas would then be only on tiie pathway for the

impulses which induce vomiting.

From the large number of reflex impulses reaching

the dorsal vagus nucleus one would expect vomiting

and retching to occur frequently. This apparent con-

flict was avoided by the postulate that impulses must

arrive to the center at the same time from more than

one source.

Koppanyi (53) working with Hatcher demonstrated

that destruction of the vagal nuclei did not interfere

with the occurrence of vomiting. Only during the

first days after the operation, when edema was prob-

ably still present, was there an increased threshold

to apomorpliine. Attempts to elicit vomiting by elec-

trical stimulation of medullary structures failed con-

sistently for several years. The reason for this seems

to have been the difficulty to elicit vomiting in anes-

thetized animals. More recently, Borison & Wang
(16) were able to elicit vomiting in the decerebrated

animal in about 50 per cent of cases. They localized a

region in the dorsal lateral part of the reticular

formation of the medulla the stimulation of which

resulted in projectile vomiting. Maximal inspiration

occurred simultaneously. No prodromal signs, such
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as sali\ation, nose licking or swallowing, were ob-

served in these experiments. Bilateral \agotomy did

not abolish the response. Wang & Borison (93)

reported in 1950 a series of experiments on dogs in

which the region responsive to stimulation was de-

stroyed; following this the animals showed a pro-

nounced refractoriness to chemicalK -induced vomit-

ing. There was still a definite response to intragastric

administration of large doses of copper sulfate

which, however, might have been due to a generalized

toxic action. It is conceivable that if a sufficient dose of

an emetic agent is given, the direct action of the drug

on the various substations of the reflex may be suffi-

cient to induce vomiting. In spite of frequent stimu-

lation of other regions of cat and dog brains, no report

has been published in which true vomiting has been

reported to occur on electrical stimulation or ablation

of any other structure of the brain. X'omiting has not

been seen by Penfield's group in their extensive ex-

ploration of the cortical surface of man (72). It does

appear that irrespective of the afferent impulse lead-

ing to vomiting the complex process has to be in-

tegrated through a medullary structure, presumably

the one described by Wang & Borison {93).

G.-^STRIC SECRETION

Psychic secretion of gastric juice depends on the

integrity of the cerebral cortex, as pointed out by

Pavlov (70). He received support in this assumption

through the experiments of Guerver (41 ) who showed

that stimulation of an area just outside the forward

end of the sigmoid gyrus in dogs produced a copious

flow of gastric secretion. This secretion consisted

initially of a highly mucoid juice followed by hydro-

chloric acid and pepsin. The secretion was dependent

on the integrity of the vagus ner\es. Greker (40)

ablated this area and found that a marked diminution

in gastric secretion occurred over a period of 7 to 8

days after which the secretory values returned to

normal. Many years later Watts & Fulton (94)

observed, in studying the relationship of the cerebral

cortex to gastrointestinal motility, that some of the

stimulated animals at necropsy showed a considerable

amount of secretion in the stomach. They drew the

conclusion that the stimuli affecting tlie gastroin-

testinal motility also affected gastric secretion.

Their observations were repeated by Davey el al.

(22) who explored the possibility of eliciting gastric

secretion by stimulating the frontal lobe in dogs and

monkeys. The experimental difficulties in the collec-

tion of gastric juice are considerable because we must

assume that the operative procedures including the

insertion of a cannula must necessarily influence the

local state of the gastric glands. It has also been clearly

shown that some of the anesthetics used in themselves

influence the amount of secretion even w hen given in

very small amounts (80). Davey and his associates

(22) found an area in the frontal lobe of the dog and

monkey which was roughly the same as the one earlier

found by Guerver and in which stimuli of long dura-

tion and fairlv high frequencies activated the gastric

glands. The hydrochloric acid secretion turned out

to be dependent on the state of anesthesia, but pepsin

and inucus secretions could be increased two to four

times by stimulation of this area Injury to the area

resulted in diminished response. In a discussion fol-

lowing the presentation of this work Davey indicated

that a possible pathway would be via the lenticular

nucleus, portions of the thalamus and the quadri-

geminal bodies. This was on the basis of earlier re-

ported experiments and no attempts were made to

confirm this idea.

In order to facilitate the recording of the gastric

acidity changes, Klopper (52) developed a method for

continuous registration of gastric pH through elec-

trodes introduced through the esophagus. These ex-

periments showed that, on stimulation of an area

just inferior to the anterior sigmoid gyrus in the cat

with an optimal frequency of 15 impulses per sec.

and a duration of 10 to 15 msec, a definite decrease

in gastric pH was obtained. The area defined was the

same as that found by Eliasson in 1952 for gastric

motor function. Klopper also found that electrical

stimulation of this area inhibited gastric motility

which might be one reason that the duodenal secre-

tion did not influence the gastric pH. No other por-

tion of the cerebral cortex was found to influence

gastric secretion on stimulation. The secretion of gas-

tric juice continued up to 20 min. after the end of the

stimulation This indicated to Klopper that possibly

the efTect of the cortical stimulation could be a re-

lease of a hormone, such as gastrin, or of histamine

leading to a secondary .secretion from the gastric

mucosa.

Subcortical areas ha\c long been known to react

to stimulation ijy increasing the gastric acidity.

Heslop (44) and Sheehan (84) demonstrated in con-

nection with a study of gastric movements a definite

increase in gastric acidity. Jogi et al. (49) observed

that the secretory response to insulin-induced hypo-

glycemia disappears after decerebration but remains

unchanged after decortication. Porter et al. (75)
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made an extensive study of the mechanisms by which

liypotlialamic stimulation increased acidity and found

that this could occur not only via the vagal nerves

but also via the pituitary and the adrenal glands (32).

A remarkable fact is the considerable latency of the

change in acidity (i to 2 hours). According to the

authors the results were reliable and could be re-

peated. Shealy & Peele (83) found that stimulation of

the amygdaloid in unanesthetized animals causes a

definite increase in gastric acid content which com-

pared favorably with that after histamine alone.

They did not study the concomitant changes in mu-

cus and pepsin secretions. These authors assumed

that the effect of stimulating the amygdaloid nuclei

could be mediated via histamine or via parasympa-

thetic fibers in the vagus ner\e. The pathways in-

voked between the amygdaloid nuclei and the \agus

nuclei remain unknown; it is possible that the con-

nections between the amygdaloid nuclei and the

hypothalamus may lead to acti\'ation of the hypo-

thalamic area already earlier indicated. All types of

changes in gastric secretions were obtained by Anand

& Dua (4) on stimulation of temporal lobe structures

with indwelling electrodes in unanesthetized cats.

These authors consider the possibility that this effect

is transmitted through the hypothalamus.

It seems unlikely that in the normal organism an

increase in gastric secretion would occur without

concomitant changes in gastric motilit\' and \aso-

motor tone. If the changes in gastric secretion are

mediated via a hormonal mechanism, the immediate

changes in gastric motilitv in response to emotions,

\estibular stiinuli or olfactory stimuli may not be

long lasting enough to elicit a change in gastric secre-

tion also. If this is the case, central control of gastric

secretions occurs only in processes associated with

digestion of food.

EMOTION.'KL INFLUENCE ON DIGESTIVE FUNCTION

Any emotional process can be said to consist of a

subjective experience, a type of neurophysiological

reaction and a mode of behavior (20). The neuro-

physiological reaction may affect one or many .sys-

tems. The effect of emotions on the gastrointestinal

tract varies, and it has been difficult to correlate a

specific type of gastrointestinal change with any

particular emotional change. Superficial emotional

reactions may sometimes cover basic disturbances

which are responsible for digestive function dis-

turbances (62).

Emotional stress affects all parts of the gastroin-

testinal tract (28). Salivary secretion can be increased

(69, 92) or decreased (95). Also, the composition of

the saliva changes (95). .Secretion of gastric juice is

easily influenced by anger, joy, anxiety states, etc.

(14, 96). The change in secretion is associated with

or preceded by changes in motility (18). Secretion of

intestinal juices and bile has been reported to fluc-

tuate under emotional stress (69, 76, 95). Anger and

hostility lead to hyperactivity of the colon; fear, to

immobilization (39). Many of the older reports deal

with the correlation between superficial emotions

and gastrointestinal changes and do not take into

consideration deeper emotional conflicts. If a change

takes place in the electrical acti\'ity of the brain as a

result of emotion, the change, if cortical or sub-

cortical, will be reflected in other parts of the brain

—mainly the reticular formation but also the areas

to \vhich the reticular formation projects (56). The
changes may be of excitatory or inhibitory nature

and can presumably also be excitatory in one part

and inhibitory in another part of the brain (55).

The net eff'ect will be hard to predict and the number
of possible combinations is unlimited. Under normal

conditions the emotional influence will not be of

major importance. One does not, however, have to

postulate abnormal pathways for the influence of

emotions on the digestive functions. Most of the struc-

tures that have been implicated in the neurophysio-

logical basis of emotions have adequate connections

with the lower brain-stem structures concerned with

digestive function. If and when we learn to translate

psychiatric terms into neurophysiological language,

it will be easier to interpret the effects of emotions on

gastrointestinal function.
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Central nervous regulation of body temperature
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CENTRAL NERVOUS temperature resulation lias Ijeen

the subject of intensixe physioloe;ic investigation, with

many sided experirnental approaches, for more than

seventy years. Several extensive monographs or re-

views (9, II, 19, 27, 36, 57, 59,67, 103, 107, no, 151,

167, 172, 174, 193, 210) have been published which

have direct or indirect bearing on this subject. The

present description will rely for many details as well

as main conceptions on these monographs. Emphasis

will be laid on function rather than structure or

localization of the central nervous thermoregulatory

mechanisms. Controversial evidence will be discussed

inainlv when such discussion seems important for

general evaluation of results, or when it exemplifies

important methodological problems. The text is

illustrated by figures chosen from various original

reports. A close study of experimental technique and

evaluation of results in such figures is believed to be a

valuable complement to the written description.

GENERAL CONSIDERATIONS

The homeothermic or warm-blooded animal keeps

its body temperature within a few degrees C, a mean

level usually around 37° to 38°C. Homeothermia is

accomplished to some extent by local responses of

thermoregulatory effector systems to local tempera-

ture changes, and to a greater extent by systemic

responses. The .systemic regulation involves: a) infor-

mation about the body temperature, signalled to the

central nervous system for receptive mechanisms

situated partly in the surface layers and partly in the

central layers of the body; h) nervous integration ol

such afferent signals, displayed at different levels of the

central nervous system; and c) reactions of different

effector systems, set into action by efferent nervous

or humoral signals, which serve to counteract the

initial change of surface or deep temperature (homeo-

static effector response).

The skin and inucous membranes contain tempera-

ture receptors (103, 104), the majority of which are

cold receptors, each having a characteristic tempera-

ture below 37°C for maximum activity. The minority

show a maximum activity above 37°C and are there-

173
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FIG. I. Lefl: Stereotaxic instrument, modified Horslcy-Clarke type, with a cat head fastened in

a horizontal plane through the external auditory canals and lower orbital bone margins. One bi-

polar and one unipolar needle electrode are inserted into the brain from above in a known direction

to a known depth. (From B. Uvnas.) Right: Sagittal section of a goat skull, showing three pairs of

electrode tips located in the region where the hypothalamus would be situated in the intact animal,

slightly above the optic chiasma {Ch. opt.) and hypophysis (Hyp.), illustrating Hess" technique for

chronic implantation of electrodes. The electrode holder is fastened by screws to the skull ; electrodes

are inserted through drilled holes. (From B. Andersson.)

fore warm receptors. Tlie difference in function

between cold and warm receptors is thus only quan-

titative. They are discussed at length ijy Zotterman

in Chapter XVIII.

The anterior hypothalamus contains a temperature

receptive region, but the structure of the sensitive

elements is not known. For this reason it is preferable

to refer to them as 'thermodetectors' rather than as

'thermoreceptors."

Nervous integration of the signals from .surface

thermoreceptors seems to occur at all levels of the

central nervous system. The integrative structures are

proljablv, and their ner\ous effector systems certainly,

involved in other homeostatic and coordinating mecha-

nisms, such as the regulation of arterial pressure,

water balance and skeletal muscular actis'ity. Differ-

ent functions which are served throunh common
integrative structures will condition each otiier, either

inhibiting or facilitating; a certain temperature recep-

tive input may therefore result in a \ariable effector

output (71 ). The effector systems and reactions

available for this purpose include pulmonary ventila-

tion, cutaneous blood flow, sweating, salivation (20),

piloerection, skeletal muscular activity (21), water

mo\ements and change of body position.

EXPERIMENTAL METHODS

Information on central nervous regulation of body

temperature can be gained by different experimental

approaches. Some of these will be evaluated critically

here.

Stncotaxic Techniques for Acute and Chronic Experiments

The stereotaxic instrument, originally devised by

Horsley & Clarke (113) and later modified (166),

allows the exactly guided (116) introduction of

needle electrodes from above through the brain into

its deeper portions, e.g. the hypothalamus (illustrated

bv fig. I ). The electrode tip can usually be directed

to within i or 2 mm of a calculated position in the

In pothalamus. By this technique circumscribed nerv-

ous structures can be stimulated electrically, ther-

mally or by injection. Their electrical activity may
also be recorded, or they can be destroyed by electro-

coagulation to study in chronic experiments the

resulting impairment of temperature regulation.

The result of local stimulation is largely judged by

the responses of the thennoregnlatory effector systems

as an index; this is a limitation. An effector response
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to such procedures as local thermal stimulation in the

brain demonstrates and localizes structures with spe-

cific thermal sensitivity ('central thermodetectors') but

does not give information about the unitary responses

of the detectors. An effector response to local electrical

stimulation in the brain may theoretically be elicited

by excitation of either afferent, integrative or efferent

neurons in the thermoregulatory system.

In the study of chronic brain lesions, careful

histological control of the position of the lesions at

necropsy is all-important and the possibility of

bleeding, infection or interference with blood supply

extending the destruction to other parts of the brain

must also be kept in mind. In chronic experiments it

is usually more difficult to measure exactly the index

of response than in acute experiments; well-standard-

ized tests have to be used (98). The general condition

of the chronic animal with marked inanition (51) or

infection may also severely influence the reactivity

of the effector index studied; intactness of some

aspect of temperature regulation may therefore be

more significant than its impairment in chronic

destruction experiments. The chronic studies give

information about coordinated temperature regula-

tion in the unanesthetized animal which is indispens-

able and cannot be gained from acute studies.

Chronic Implantation Techniques

A method of implantation of multiple needle

electrodes into the brain for acute and chronic

experiments has been worked out by Hess (106), as

exemplified in figure i. It is thus possible to study the

effect of electrical or thermal stimulation, or of

electrocoagulation, in long-term experiments on un-

anesthetized animals. Other types of electrodes or

thermodes may be placed chronically near to the

brain surface by ordinar\' neurosurgical procedures.

Indirect Thermal Stimulation of Brain

The brain may Ije warmed or cooled \ia its blood

circulation, or by changing the temperature either of

the whole body or preferably of the carotid arterial

blood stream. Such a temperature change affects

vascular receptive structures (29, 196, 198), and

surface thermoceptors, in the whole body or only in

the head, as well as large parts of the brain. The

portion of the brain which is supplied by the carotid

arteries varies in extent in different animals.

Temperature Measurements

It is an important and well-known fact that both

the absolute level and temporal changes of tempera-

ture may show large regional variations in the body

(19). This is likely to be especially true in the anesthe-

tized animal subjected to extensive operative measures

unless special precautions are taken.

The rectal temperature alone may be an insuffi-

cient measure of central body temperature (146) or

of brain temperature. Like all local temperatures it

is influenced by local rates of metabolism and blood

flow as well as by level of central body temperature

(89, 90). The oral temperature is usually a belter

index of brain teinperature than is the rectal one. The
brain temperature may, however, be measured di-

rectly botii in acute (35a, 187, 203) and chronic (71,

132a, 135, 180) experiments.

HYPOTHALAMIC THERMOCEPTIVE STRUCTURES

Existence and Localization

The existence of thermorecepti\e structures in the

brain was suggested by Kahn in 1904 (122) : warming
of the carotid blood evokes signs of cutaneous vaso-

dilatation, sweating and polypnea in the rabbit, cat

and dog. Such structures were shown in 191 2 to be

localized deep in the brain near the corpus striatum

by Barbour (8) since circulation of water at 42 °C
through a thermode, the tip of which was placed near

the receptive structure in the rabbit brain, was found

to produce vasodilatation in the ears, while cooling

to 33°C produced vasoconstriction. The effect of local

brain warming was repeatedly confirmed (94, 97,

148, 163, 164), but the exact localization of the re-

sponsive region long remained unknown.

A few earlier and many later reports had indicated

the hypothalamus to be essential for an intact tem-

perature regulation, or even necessary for any tem-

perature regulation at all. It was definitely shown in

1938 by Magoun and co-workers (141 ) in the cat, and

later confirmed in the monkey (26), that thermocep-

tive structures exist in the brain and that they are

localized cxclusi\ely to the supraoptic and preoptic

parts of the hypothalamus. In these experiments

localized diathermic warming producing a moderate

temperature increase of the anterior hypothalamus,

but of no other regions in the brain, evoked a typical

heat loss response with polypnea or panting and also

sweating in the anesthetized cat (figs. 2, 3).
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Fio. 2. Effect of diathermic heating of the anterior hypo-

thalamus on respiratory rate. Cat is under urethane anesthesia.

Heating is through two parallel electrodes with bare tips in-

serted by the Horsley-Clarkc technique from above into the

hypothalamus; electrode tip locations a-d are shown on lower

part (schematic drawing of transverse section through a cat

brain). Heating responses from locations a-d on respiratory

rate are shown on upper part (breaths per minute on ordinates)
;

heavy line indicates panting. AC, anterior commissure ; C, caudate

nucleus; CC, corpus callosum; GP, globus pallidas; IC, internal

capsule; LV, lateral ventricle; OC. optic chiasma; S, septum;

and jF, third ventricle. [From Magoun ct al. ( 141 ).l

FIG. 3. .Schematic outline of the region reactive to local heat-

ing, projected on a paramedian sagittal section through a cat

brain CG, central grey matter, F, fornix;//, habenula,///", hab-

inulopeduncular tract; HI', hypothalamus; IN, infundibulum;

.\l, mammillary body; OC.V, oculomotor nerve; OT/J, olfactory

tubercle; PC, posterior commissure; SC, superior colliculus;

.S.M, stria meduUaris, TH, thalamus; otherwise as in fig. 2.

[From Magoun et al. 1141).!

The iherinosen.siti\itv ol the liypothalamus has been

additionally confirmed in several other reports (63,

68, loi, 187, 189), extended to other animals, and

obtained in chronic animals without anesthesia (loi,

190). Warming of the hypothalamic thermodetectors

in addition to polypnea and sweating also produces

cutaneous \'asodilatation (fig. 4). Inhibition of shiv-

ering also occurs if shivering is initially present, other-

wise other signs of decreased skeletal muscular activity

are evident. The result of hypotlialamic wanning is

therefore a coordinated response of body temperature

regulation, with activation of heat-loss mechanisms

and suppression ot the main heat-production mecha-

nism.

If central nervous thermodetectors are to register

central body temperature (e.g. the temperature of

arterial blood in the aorta), they should be trans-

fused bv so rapid a blood flow that local heat produc-

tion would not significantly influence the temperature

around the thermodetectors. It therefore seems signifi-

cant that the anterior hypothalamus has an

abundance of capillaries, much more so than regions

such as the posterior hypothalamus (65). The close

proximitv of the hypotiialamus to the arterial circle
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of Willis also seems to be of importance in this re-

spect.

The suggestion that the medulla oblongata contains

thermosensitive structures influencing cutaneous

blood flow (13) and sweating (95) has not been

substantiated.

Mechanism of Activalion of Thetmodetedors

The question has arisen whether the hypothalamic

thermodetectors are sensitive both to warming and

cooling, as suggested by early investigators (cf. figs.

4, 14). It should be remembered that the single unit

response of the detectors has not yet been recorded. It

is therefore not known whether a temperature rise

which activates the heat-loss meclianisms produces an

increase or a decrease (or perhaps both) in firing

frequency of the first order neurons into which the

detectors discharge (or which may be identical with the

detectors). The surface thermoreceptors, the function

and unitary responses of which are well known, may

be considered analogous to the hypothalamic ther-

modetectors (103). Each surface receptor unit shows

maximum activity (afferent firing frequency of the

first order neuron) at an individually characteristic

temperature. This temperature varies considerably

within the family of receptor units. A rise of tempera-

ture is therefore accompanied by successive deactiva-

tion of some receptors and activation of others;

within the normal range of body temperature the

former may be classed as cold receptors and the latter

as warm receptors. The only well-known property of

the hypothalamic thermodetectors is that the range

of temperatures within which the effector systems

show prominent reactions, is relati\ely small, as

suggested in figure 4, extending from perhaps i

degree C below to a few degrees above the normal

brain temperature (187, 190). At brain temperatures

above 41 °C or 42 °C the effector systems may show

reversal of reaction. It is possible therefore that the

hypothalamic thermodetectors resemljle surface warm
receptors in having a temperature level for maximum
activity slightly above normal brain temperature.

The activation mechanism (mode of transducing

thermal to electrical signals) of the thermodetectors is

incompletely known but important information on

this prol)lem has been reported by von Euler (203,

204). When the brain is warmed via the carotid blood

stream, a steady potential field is de\'eloped between

the supraoptic region and the rest of the brain (fig.

5). The potential change, which may be as steep as

0.5 to i.o mv per o. i°C, is not produced by impulse

firing; it may be analogous to the steady potential

HYPOTHALAMIC

TEMP,

FIG. 4 Effect of diathermic heating and conductive cooling

of the anterior hypothalamu.'; on cutaneous blood flow. Cat is

under urethane anesthesia with artificial respiration. Two
parallel silver wire electrodes with bare tips, 4 mm apart, are

inserted by the Horsley-Clarke technique into the hypothala-

mus. Lower record: Hypothalamic temperature measured by a

thermojunction placed midway between electrode tips. Upper

record: Blood flow from the skin of the forelimb pad measured

by a drop interval recorder, ordinate height being inversely

proportional to flow. Diathermic heating continuously from

I to 3; conductive cooling at 2 and 4. [From Strom (187).]

fields that can be registered in receptor structures

with systematic spatial orientation, such as the retina,

and may represent a 'generator potential' (the steady

depolarization of receptors or of the finest terminals

of first order afferent neurons which generate im-

pulses in those neurons). It is interesting to note that

a similar local steady potential field develops in the

medulla oblongata when the arterial pCOs is changed.
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FIG. 5. Slow 'temperature potential'

from the anterior hypothalamus. Cat is

under urethane anesthesia. One calomel

capillary electrode is inserted by the

Horsley-Clarke technique into the hypo-

thalamus, a slow potential (upper curve)

was recorded against another electrode

elsewhere in the brain. Hypothalamic
temperature (tower curve) is recorded by

a thermojunction. Brain is warmed by

conductive heating of the intact carotid

arteries. [From von Euler (203).]

a fact suggesting an analogy between central chemo-
ceptive and thermoceptive structures (206). The
structure of the medullary chemodetectors is as

unknown as is that of the hypothalamic thermodetec-

tors. This absence of histologically defined receptors

is hardly more surprising for central receptive mecha-
nisms than for peripheral receptors, such as those for

pain.

It should be remembered that temperature changes

influence all excitable tissues to a greater or lesser

extent (28). Diff"erent types of peripheral nerve fibers

show different thermosensiti\'ity (137, 202). Local

heating of mammalian C-fibers up to 41 °C or more

depolarizes them and generates impulses, while

cooling A-fibers has a similar effect. The central

thermodetectors, however, seem to be more sensitive

to temperature changes than are C-fibers.

CENTR.AL INTEGRATIVE STRUCTURES

Effects of Stimulation

In 1884 and 1885 basal parts of the forebrain had

already been suggested to influence temperature

regulation by Ott (155, 156), and .\ronsohn & Sachs

(5) observed that mechanical punctiu'e into the region

of the corpus striatum in the rabbit is followed l)v a

transient rise of body temperature ('heat puncture'

or Wdrmestich) with signs of increased metaijolism.

This observation is difficult to interpret in terms of

normal physiology. The puncture probably produced

an irritative lesion (120) near to (211) but not de-

stroying those hypothalamic structures which later

have been shown to contain a coordinating mecha-

nism for the regulation of body temperature.

Electrical stimulation within the hypothalamus can

evoke a multitude of responses. The skeletal muscular

system (108, iii) may show increased or decreased

tone either generally or in localized muscle groups.

In the circulatory system (36) there may result in-

creased sympathetic vasoconstrictor activity, either

generally with resultant large increases of arterial

blood pressure or in localized regions such as the

skin; or alternatively decreased vasoconstrictor ac-

tivity in the skin; or increased sympathetic vasodila-

tor activity to skeletal muscle. Increased or decreased

sympathetic accelerator activits- to the heart may also

appear, and increased activity of the adrenal medullae

with augmented secretion of either epinephrine or

norepinephrine (67). The respiratory ssstem may
show increased or decreased activity, e.g. apnea,

hyperpnea, polypnea or panting (4, 109).

It is evident therefore that the main thermoregula-

tory effector systems can be inffuenced by hypotha-

lamic stimulation. Such information does not define

the quantitative role of the hypothalamic structures

in normal temperature regulation, however. On the

other hand, localized electrical stimulation in the

anterior hypothalamus of an unanesthetized animal

can evoke not only isolated effector responses but also

a coordinated response of the main heat-lo.ss mecha-

nisms, i.e. panting, cutaneous vasodilatation and

inhibition of shivering (figs. 6, 7), as demonstrated h\

.\ndersson rt al. (4). Such a coordinated response has

not been obtained from other cerebral regions, corti-

cal or subcortical. The response is probably not de-

pendent on cortical integration because chronic

decortication does not markedly influence either a

normally coordinated temperature regulation in the

unanesthetized animal, or the individual eflTector

responses to hypothalamic, electrical or thermal

stimulation. The anterior hypothalamus therefore

seems to be the location of a main coordinative

mechanism which promotes heat loss, a conclusion

which can also be drawn from results of chronic

ablation experiments (see below).
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FIG. 6. Effect of electrical stim-

ulation of the hypothalamic 'heat

loss center' in the unanesthetized

goat on shivering, ear tempera-

ture and respiratory rate. Elec-

trodes are inserted by the Hess

technique. Duration and voltage

of stimulation are on top. Double

lining of respiratory rate curve

indicates panting. Body tempera-

ture was lowered at (W) by giv-

ing 3.5 1. of cold (io°C) water into

the rumen; this induced shiver-

ing. [From Andersson el al. (4).]

Ejfecls of Chronic Destruction

Chronic mesencephalic transection, caudal to the

tuber cinereum, was found in 1914 by Isenschniid and

co-workers (117, 118) to eliminate effective tempera-

ture regulation in the rabbit. A similar result in the

cat was obtained in 1922 by Bazett & Penfield (22);

it was also found in birds (178). Chronic high spinal

transection in the dog was found in 1924 by Sherring-

ton (181) to abolish thermoregulatory responses in

the body region caudal to the transection level (fig. 8).

Chronic partial or total decortication (117, 158), or

even hemidecerebration (22), does not severely influ-

ence temperature regulation. The thalamus and the

corpus striatum are not essential for a normal tem-

perature regulation (21, 53, 147, 171), wiiich is

perhaps surprising since surface thermoreceptors prob-

ably project to the hypothalamus via thalamic relays

(59)-

In chronic experiments on cats and monkeys,

Ranson, Magoun and co-workers (52, 170, 171, 191)

showed that small lesions in the anterior hypothala-

mus (shown in fig. 9) reduce or aljolish the thermo-

regulatory response to body warming (heat-loss

mechanism), while lesions in the posterior hypothala-

mus also abolish the response to body cooling (both

heat-loss and heat-production mechanisms).

FIG. 7. Parasagittal section through the preoptic area and

hypothalamus of the goat. Electrical stimulation in the cross-

hatched area produces polypnea, vasodilatation in ears and

inhibition of shivering in the unanesthetized animal. Applica-

tion of electrodes is by the Hess technique. Co., anterior com-

missure; Ch.o., optic chiasma; Cm., mammillary body; C.f.d.,

column, fornic desc; and \ .d'A., Vicq d'Azyr's bundle. [From

Andersson (4).]
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FIG. 8. Reactions of a normal dog (interrupted tine) and of

three spinal dogs [solid line) upon transfer from a warm room

(+26.6°C) to a cold room (+ i °C). Spinal dog .-1 had a com-

plete transection through the eighth cervical segment of 580

days standing; dog 6, one at the eighth cervical segment for

40 days; dog C, one at the fifth to sixth cervical segment for 120

days. On external cooling, body temperature falls in the spinal

dogs and muscles innervated by spinal segments cranial to

transection exhibit shivering- [From Sherrington (181).]

This result has been interpreted as evidence for the

existence of two anatomically separate coordinating

'centers,' one in the anterior hypothalamus regulating

against body heating, the other in the posterior

hypothalamus regulating against body cooling {'dual-

istic localization'). From a functional point of view,

on the other hand, central nervous regulaiion of body

temperature always involves reciprocal inhibition and

facilitation of all the different thermoregulatory

effector mechanisms in a quantitatively graded man-

ner ('unitary function'). Experiments with chronic

lesions have not revealed one definite cell congrega-

nc. g. Schematic drawings of four frontal sections (A-D,

order of section caudalward) through the cat anterior hypo-

thalamus, showing extent of chronic electrolytic lesions in a

cat. .\fter the lesion a hot box test produced an increase of

rectal temperature to 4i.4°C without appearance of panting.

.Mibreviations as in (ig. 2. [From Clark et al. (52).]

tion ('nucleus') or one specific pathway within the

hypothalamus to be responsible for thermoregulatory

mechanisms (52, 73, 186). Nor has it been possible to

define such localization from the results of local

thermal or electrical stimulation.

The main conclusions from these observations are

a) that a thermoregulatory mechanism, which inte-

grates information from surface thermoreceptors and

central thermodetectors and coordinates the re-

sponses of the effector systems, is located in the

anterior and posterior hypothalamus; and b) that no

other such structure of similar importance exists in

the central nervous system. The first of these two

conclusions is generally accepted but the second is

not. It has been suggested that the heat-loss coordi-

nating mechanism (including the panting mechanism

in the cat but not in the dog) is situated partly in

the mesencephalon (30, 123, 124, 126).

Discrepant results have been obtained from experi-

ments on animals with chronic high spinal transections

(45, iig, 161). According to Thauer (192, 193, 195),

spinal rabi^its may regain a satisfactory temperature

regulation if they are well kept for a sufficiently long

time after the transection; according to other investi-
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gators (74, 75, 133), such is not the case. Species

differences may exist, as chronic spinal dogs appar-

ently do not show active temperature regulation (45,

cf. 193, however). If satisfactory histological control

of the completeness of transection is made, a positive

result of such experiments should weigh more than a

negative result, as coinplications such as infection or

bleeding locally around the transection, and perhaps

undernourishment, imbalance of water and elec-

trolytes, etc., may occur which can result either in a

larger destruction than attempted or diminish the

responsiveness of the thermoregulatorv effector sys-

tems. The conclusion therefore should be that chronic

spinal animals may regain some power of active tem-

perature regulation, although ineffective in com-

parison to that of intact animals.

Chronic high mesencephalic transections have

also been reported to leave traces of functioning

temperature regulation (concerned with heat-loss

mechanisms) intact, suggesting that structures caudal

to the hypothalamus may have an integrative thermo-

regulatory function. A possible explanation for the

discrepancy between the results of chronic hypotha-

lamic lesions and chronic mesencephalic transection

may be that in the former experiment cortical in-

fluences remain which are excluded in the latter. In

evaluating these positive results of chronic tran-

section experiments, their implication for normal

temperature regulation should be judged cautiously.

Even if central temperature regulation can be exerted

to a measurable degree by spinal structures when they

are freed from cerebral influence, their quantitative

role in the intact animal remains unknoAvn.

THERMOREGUL.\TORV EFFECTOR SYSTEMS

Respiration

The respiratory system has pulmonary gas ex-

change for its main function, and both respiratory

rate and depth are therefore mainly regulated to

adapt alveolar ventilation to the metabolic needs of

the body. In addition, dead space ventilation serves

as an important thermoregulatory mechanism in most

animals, heat load producing rapid shallow breathing,

culminating in panting. These two mechanisms may
conflict in the intact animal. A typical example is

the increase in alveolar ventilation which occurs in

anoxia and which decreases the ability of the bodv to

preserve heat under cold stress (72, 76, 132). Another

example is emotional or sexual activation which is

accompanied by prominent respiratory reactions

which can be seen in an exaggerated fashion in the

chronic decorticate animal (17, 18). In man, tiie

responses to overheating may induce true hyperpnea

with increased alveolar ventilation and eventually

hypocapnia and alkalosis (19).

•Signals both from surface thermoreceptors and

from central thermodetectors contribute to evocation

of thermal panting; the cjuantitative importance of

tiiese two factors (32, 135) is difficult to judge and

probably varies considerably between species. In

some species, notably the dog, panting may start

when the animal expects to start muscular exercise,

when it is exposed to sunshine before body tempera-

ture rises (93) or when it is emotionally excited.

Panting can also be evoked as an experimentally

conditioned reflex (93). It may be concluded there-

fore that cortical mechanisms in some animals may
incite panting. This is reasonable although it is

difficult to elicit panting by electrical stimulation of

the cortex. On the other hand, periods of panting un-

related to heat stress may occur in the decorticate

animal which suggests that the cortex normally also

exerts a modifying or suppressing influence. Decorti-

cate panting may be dependent on structures in the

dorsocaudal diencephalon (134) [although the evi-

dence is controversial (53)] and may remain after

ablation of the larger part of the hypothalamus (fig.

10).

Hypothalamic warming (fig. 2) and electrical

stimulation (fig. 11) can produce panting. In the

anesthetized animal it appears more easily when the

respiratory resistance is low, as when the trachea is

cannulated or when the mouth is kept open. It ap-

pears at a higher hypothalamic temperature than

does cutaneous vasodilatation (fig. 12). After high

mesencephalic transection, panting can only

exceptionally be evoked (123, 154). Chronic hypo-

thalamic lesions also extinguish the panting mecha-

nism (fig. 13), even if the cortex is intact. The con-

clusion is that hypothalamic structures are the most

important for the coordinated panting mechanism

but that other structures (cortical, dorsal dien-

cephalic) may also play a part by conditioning either

the hypothalamic or the bulbar-medullary respiratory

relays. In chronic spinal animals, panting occurs at a

higher body temperature than in intact animals (35),

illustrating the influence of the surface thermore-

ceptors which were deafferented by the transection.

Bulbar respiratory mechanisms are influenced by

changes of body temperature, as is evident in animals

with chronic mesencephalic transections (33), even



1 82 HANDBOOK OF PHYSIOLOGY -^ NEUROPHYSIOLOGY II

H^iQH

FIG. lo. Schematic drawing of sagittal section of a cat brain,

showing (doited area) the region found to be essential for de-

corticate polypneic panting. Transection A-A eliminates sham

rage in the chronic decorticate cat; transection B-B eliminates

decorticate polypneic panting. CM, mammillary body; E,

epiphysis; H, habenular complex; IC, inferior colliculus; OC,

optic chiasma; and SC, superior colliculus. [From Lilienthal &
Otenasek (134).]

if panting cannot result. In these animals polypnea

results from body warming, but the increase in re-

spiratory rate may simply be secondary to the simul-

taneous increase of tissue metabolism. Resting oxygen

uptake of the whole body increases by about 1 3 per

cent per degree C temperature increase, Qio ranging

from 2.6 to 2.9 (59), respiratory rate increases simi-

larly, Qio being 2 to 3 (34). If the carotid

blood stream is heated, the carotid body chemore-

ceptors probaiily contriijutc slightly to the bulbar

polypnea (29), although chronic denervation of the

carotid body and sinus in the otherwise intact animal

does not significantly influence thermal polypnea

(197)-

Depending on the nature of the stimulus which

ultimately incites panting in the intact animal, one

may speak of either reflex thermal panting in re-

sponse to signals from surface receptors with un-

changed brain temperature, or central thermal

panting in response to signals from detectors acti-

vated by increased brain temperature. It is probable

that reflex panting is reinforced by successively de-

veloped cortical conditioning (93).

FIG. i I. Two types of respiratory responses to hypothalamic

electrical stimulation i/f) in an anesthetized cat. Upper curve:

Rapid, shallow breaths (polypnea or panting) elicited from the

dorsolateral region. Lower curve: Moderately rapid, deep breaths

(hyperpnea) elicited from the dorsocaiidal region. [From Hess

& StoU (109,).]

Cutaneous Blood Flow

Changes of cutaneous blood flow produce skin

temperature changes of similar direction, even if the

two parameters are not linearly related. Cutaneous

blood flow is therefore an important thermoregulatory

effector system, influencing rate of heat loss from the

body. In the unanesthetized animal, the degree of

cutaneous vasodilatation depends on the coordinated

reaction to signals both from surface thermoreceptors

and ceiitral thermodetectors and from other mecha-

nisms influencing vasoconstrictor tone. Vasodilata-

tion is therefore not precisely correlated with any one

of these factors, e.g. local hvpothalaniic temperature

(71)-

When an intact animal is warmed, the vessels of

particular skin areas become dilated in a definite

sequence, an observation indicating a regional

'vasomotor gradient' (115); this is related to a region-

ally different va.scular sensitivity to such factors as the

natural local hormones. Such thermoregulatory skin

areas include parts of the face and the hands and feet

in man (105), the ears and foot pads in the rabbit

and the dog, and foot pads in the cat. Tliey contain

ai:)undant arteriovenous anastomoses (50, 88). Blood

flow through such a skin area can be \aried within

a hundredfold range (41, 43). Vasodilatation occurs
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FIG. 12. Effect of diathermic

and conductive heating of the

anterior hypothalamus on cutane-

ous blood flow and respiratory

rate. Cat is under urethane anes-

thesia. Experimental technique

is the same as in fig. 4. Respira-

tory depth is measured by a

perithoracic pneumograph. /, 2,

8, g and to signal diathermic

heating; j, conductive heating.

[From Strom (187).]

first in the face and ears, then in forehmbs or hands,

and then in hind Hmbs or feet (7). Cutaneous blood

flow is ciianged by variations of sympathetic vaso-

constrictor tone (69); no unequivocal evidence for

the existence in the .skin of specific \asodilator fibers

(sympathetic or dorsal root antidromic) has been

put forward (70).

Local thermal stimulation of the anterior hypo-

thalamus evokes cutaneous va.sodilatation (as shown

in figs. 4, 13, 14, 15) which appears within a few

seconds of a steady warming and reaches an early

maximum, then again diminishes or disappears. If

the warming is more intense, the \'asodilatation can

be .seen to remain to some extent during continued

heating. This result can be expressed as a dynamic

(transient) and a static (steadv) response to a sudden

and steady stimulus; in qualitative terms it resembles

the afferent firing response from a surface thermo-

receptor to a sudden leinperature change. The vaso-

dilator response also becomes apparent as a rise in

skin teinperature, with a certain time lag due to the

heat capacity of the skin. The vasodilatation appears

in the same sequence and with the saine spatial gradi-

ent in the different areas of the body as during heat

stress of the intact body. Unilateral hypothalainic

warming gives a bilaterally similar response.

In the intact animal, the heat-regulatory responses

of cutaneous blood flow are accompanied by con-

verse changes in blood flow in deeper organs, such

as the skeletal muscles (16) and viscera (80, 81, 174).

Such a redistribution of blood flow between surface

layers and deeper layers has obvious significance for

arterial pressure homeostasis. It might theoretically

be evoked either as a coordinated hypothalamic re-

sponse or as a secondary effect of baroceptive reflex

mechanisms. Local hypothalamic warming has given

discrepant results relative to muscular or intestinal

blood flow, some workers finding changes (182, 183),
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FIG. 13. Upper part: Increase of respiratory rate (upper curve)

and rectal temperature [lower curve) in response to external body

warming in intact cat. Filled circles: Normally deep breaths.

Open circles: Shallow breaths (polypnea). Croises: Shallow

breaths with open mouth, moving jaws and salivation (panting).

Room temperature was initially I3°C, within squared field

34 to 38°. Lower part: Effect of similar body warming in an

unanesthetized cat i ' 2 mo- after bilateral electrolytic hypotha-

lamic destruction. Drowsiness at start of warming is more

conspicuous than in intact cats; eventual restlessness at end ol

warming is less marked. [From Hess & StoU (109).]

Others none (68, 187). In this situation, a positive

result (a definite change) would weigh more than a

negative one but it should be obtained in a cross-

circulated region or in a baroceptor-denervated ani-

mal to be fully significant. \Vhate\"er the answer may
be to this particular problem, the vasomotor re-

sponse to local hypothalamic warming appears to

imitate well the reaction of the intact animal to heat

stress.

Mechanical stimulation of the hypothalamus may
also influence cutaneous blood flow. Chronic hypo-

thalamic lesions (129), as well as acute mesencephalic

transection (189), produce cutaneous vasodilatation,

an effect indicating that the thermoregulatory arterio-

venous anastomoses in the skin are normally under

tonic constrictor influence from the hypothalamus.

Electrical stimulation in certain cortical areas and

notably in the hypothalamus influences cutaneous

i)lood flow. Both vasoconstriction and vasodilatation

may result, the effect depending on the one hand on

the pre-existing vasoconstrictor tone, on the other

hand on the frequency of stimulation (189). Reversal

of effector response with change of cerebral stimula-

tion frequency has been noted both for the circula-

tory and the gastrointestinal systems. One probable

explanation is suggested by the observations of Pitts

et al. (160) that electrical stimulation suppresses local

spontaneous activity, probably by its synchronizing

effect, so that low-frequency stimulation of spon-

taneously active neurons would result in a net de-

crease of output, while high-frequency stimulation

of relatively inactive neurons would result in a net

increase of output.

Electrical stimulation of tlie anterior hypothalamus,

within the location of the thermodetectors, can thus

evoke cutaneous vasoconstriction (189), but it can

also evoke a coordinated heat-loss response in the

unanesthetized animal, as shown in figure 6, in-

cluding cutaneous vasodilatation, polypnea and sup-

pression of shivering (4). Another more specific re-

sponse can also be obtained, namely, a vasodilatation

in skeletal muscles due to sympathetic vasodilator

activity (62, 136), usually accompanied by cutaneous

vasoconstriction. A variety of vasomotor mechanisms

are tlierefore represented \\ithin that small region.

Peripheral thermoregulatory mechanisms, in addi-

tion to their local effect, can also influence the re-

activity of the effector systems (i88); thus, local

cooling contracts blood vessels but also renders them

unreactive to the central command.

Emotional elicitation of cutaneous vasodilatation

mav occur in man (blushing) which may interfere

with thermoregulatory measures, although to a

quantitatively insignificant degree. An analogous but

more prominent reaction may occur in animals. The

rabliit mav react to stress bv cutaneous vasodilatation
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FIG. 14. Effect of warming ill'') and

cooling (C) of the hind limbs and of

conductive warming (HIV) and cooling

(HC) of the anterior hypothalamus of

an unanesthetized dog on rectal tem-

perature and ear-skin temperature (re-

flecting cutaneous blood flow). Inset

shows at 2 the localization of a hypo-

thalamic silver thermode. Panting and

shivering were elicited by W and C but

not by HW and HC. [From Strom

(190)-]

9 Riclor l«m». O Right cor

which causes a marked and long-lasting fall in body

temperature (85). A more significant interference

with temperature regulation in man has been ob-

served under psychopathological conditions. Schizo-

phrenic patients may show abnormally large and

irregular daily variations of body temperature (39),

probably occurring as a result of both inadequate

heat-loss control and heat-production activity. This

abnormality may disappear after bilateral prefrontal

lobotomy (40).

Sweating, Salivation and Piloerection

As examples of centrally evoked thermoregulatory

effector responses, sweating, salivation and piloerec-

tion have been less studied than panting, cutaneous
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Fic. 15. Effect of diatheimic heating ol tlu- anterior hypothalamus on respiratory rate, shivering

intensity and ear-skin temperature in an unanesthetized dog. Heating is through a gold foil electrode

chronically placed under the hypothalamus. The dog is under relative cold stress as evidenced by

shivering and cutaneous vasoconstriction. Rectal and thoracic temperatures are also shown. Similar

heating of the posterior hypothalamus resulted in drovi'siness but did not intluence shivering or ear-

skin temperature. [From Hemingway et at. (loi).]

vasodilatation and shivering. Sweating (165) may be

elicited by hypothalamic thermal stimulation (94). It

starts after a certain latency (26) as the skin has to

reach a temperature of about 34°C first (212) and

appears later than cutaneous vasodilatation and

polypnea (26). Local injections of calcium and mag-

nesium ions into the hypothalamus may suppress the

sweating response (96) ; on the other hand, such in-

jections also produce vasodilatation and fall of body

temperature (isO-

Increased salivation accompanies panting esoked

by hypothalamic electrical stimulation.

Pilomotor responses (210) may be evoked by elec-

trical stimulation of the hypothalamus in the un-

anesthetized animal, associated either with slowed

respiratory rate and few somatic phenomena (from

the anterior hypothalamus) or with increased re-

spiratory rate, arterial pressure increase, and violent

somatic phenomena (from the posterior hypothala-

mus). These two different patterns may perhaps be

comparal)le to two naturally occurring reactions

where piloerection appears, the heat-preservation

reaction, and the rage-fear reaction. Piloerection can

occur in chronic decorticate animals and after anterior

hypothalamic destruction but not after posterior

hvpothalamic destruction.

Shiveiirig

Shi\ering consists of phasic skeletal muscular con-

tractions, in man becoming apparent first in the head

(masseter muscle), later in the arms, body and legs

(200). In extreme shivering, the oxygen uptake may

increase fivefold al)ove the resting value (i ). Shivering
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Fio. 16. Suppression of spontaneous shivering by electrical stimulation of the hypothalamus

(electrodes inserted by the Horsley-Clarke technique). Cat is under light pentobarbital anesthesia.

Shivering (SH) was recorded electromyographically by skin electrodes {A and C, thigh muscle; B
and D, tail muscle). Hypothalamic suppression of shivering does not influence either cortically

evoked muscular contractions {upper part of the figure), or the spinal reflex evoked by muscle stretch

{lower pari, stretch reflexes responsible for repetitive high voltage spikes). [From Hemingway el al.

(100).]

becomes obvious in man when during; cooling the

central body temperature approaches 36.5° to 36°C

(184), then increases at lower temperatures to a

maximum at 33°C under light anesthesia (185).

.Shivering in man stops at a central body temperature

just about or just below 30°C, in the rat at i6°C, and

in hibernating animals at even lower temperatures

(6°C). Hypoxia inhibits shivering (132). Shivering is

obviously influenced by surface thermoreceptors (56)

and by thermoreceptors in the tracheal mucosa (54)

which explains the intensification of shivering during

inspiration. It is also clear that local hypothalainic

warming (loi) and electrical stimulation (4, 100)

which set a coordinated heat-loss mechanism into

action can inhibit shivering (figs. 6, 15, 16) in an un-

anesthetized animal which has first been subjected to

light cold stress to establish shivering. On the other

hand, hypothalamic electrical stimulation can also

produce shivering (2).

It is more doubtful wliether local hypothalamic

cooling, to levels well below normal brain tempera-

tures, alone can evoke shivering in the unanesthetized

aniiTial which is in thermal balance (190) (fig. 14).

Such experiments should preferably be made on un-

anesthetized animals (49, 132a, 190) as anesthesia

suppresses shivering. If a dog with chronic high spinal

transection (Ce level) is cooled, the muscles inner-

vated from above the transection exhibit shivering

(fig. 8) in most cases (181) but not all (14). This

response might be evoked either from brain thermo-

detectors or from those surface thermoreceptors (in

the head skin, oral and nasal cavities) still in afferent

connection with the cerebrum; the experiment there-

fore does not give definite evidence for either possi-

bility. Stronger evidence for central elicitation of

shivering is obtained if in similar experiments the

local skin and brain temperatures are registered

during the cooling (49). It has even been concluded

that two types of shivering ('reflex' and 'central')

can be separately elicited (49) and also distinguished

by their patterns of appearance (139). On the other

hand, local cooling of the anterior or posterior hypo-

thalamus (fig. 14) has not ijeen observed to evoke

shivering in a thermally balanced animal (190), a

fact suggesting that the hypothalamic thermorecep-

tive structures are relatively insensitive in the tein-

perature range below normal brain temperature or,

at least, have little effect in promoting shivering. As a

negative result, however, this might be explained as

due to recruitment of an insufiiciently large number of

central thermodetectors by the local cooling. In a

careful series of experiments on dogs under light

chloralose anesthesia, the brain was cooled via the

carotid blood stream while the body temperature

was kept constant (35a). The oxygen uptake, re-

flecting i.a. skeletal muscular activity, was found to

decrease continuously with decreasing brain tempera-

ture under these circuinstances. As the anesthesia

caused only a partial and not a complete depression

of the shivering response to whole body cooling, this
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FIG. 17. Effect of hypothalamic warming (diathermic heating

through two pairs of parallel electrodes with bare tips, inserted

by the Horsley-Clarke technique into the anterior hypothala-

mus) on cortical electrical activity. L, left; R, right; F frontal

area; P, parietal area; occipital area. This is an unanesthe-

tized fw//)Aa/f !io/f of a cat; the trigeminal ganglia are blocked

by xylocain injections. Upper pari: Before warming, asynchronous

activity. Loiuer pari: During warming to approximate tempera-

ture at hypothalamic heating electrode of 42 °C, variable

synchronized activity with 'spindles," [From von Euler &
Soderberg (208).]

result can be interpreted as e\idence that "central

shivering' is of little importance. The explanation

for these apparently discrepant experiments becomes

more clear if the problem is regarded from a quanti-

tative rather than qualitative point of view in the

following way.

An intact animal which is subjected to cold stress

shows voluntary inuscular activity and signs of alert-

ness, even if shivering is not apparent. When it is

slowly warmed to rectal temperatures between 37°

and 39°C, the animal first becomes more less active,

shows drowsiness and perhaps goes to sleep; but later

when the rectal teinperature increases even more and

the heat-loss mechanisms have long since become in-

tensely active, the animal again becomes restless.

Moderate local hypothalamic warming can also

produce drowsiness. This change in behavior has its

counterpart in changes in activity of the cerebral

somatic facilitatory or activating systein, localized

in the reticular formation in the brain stem, which

has been described by Magoun and co-workers (150).

This activity can be measured from cortical EEG
changes (114), or from changes in the small-fiber

motor system to skeletal muscle (gamma-fiber system)

in the way suggested by Granit and co-workers (83),

using aflferent muscle spindle discharge as an index

of gamma-fiber activity. Such experiments in cats
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FIG. 18. Effect of hypothalamic warming (as in fig. 17) on

the acti\'ity of the gamma-fiber motor system, as indicated by

the impulse frequency in an isolated afferent nerve fiber from a

gastrocnemius muscle spindle {upper tracing). Rabbit is under

chloralose-urethane anesthesia. Hypothalamic temperature is

recorded by a thermojunction placed at one heating electrode.

Gastrocnemius muscle does not contract (mechanogram in

lower Iracing). [From von Euler & Soderberg (208).]

and rabbits under anesthesia, and also on unanes-

thetized encephale isole preparations, have been per-

formed by von Euler & Soderberg (207, 208). Local

hypothalamic warming of moderate degree syn-

chronizes the EEG (fig. 17) and simultaneously in-

hibits gamnia-filjer activity (fig. 18); intense warming

desynchronizes (arouses) the EEG (fig. 19) and simul-

taneouslv facilitates gamma-fiber activity (fig. 18),

and it may also produce obvious restlessness in a

superficially anesthetized raijbit. This result demon-

strates the iinportance of the gamma-fiber system and

the peripheral servoloop of skeletal muscle for the

production of shivering, and explains why deafTerenta-

tion suppresses shivering (157). A reasonable con-

clusion is that the hypothalamic thermodetectors pro-

ject upon and to some extent modulate the activating

system in the brain stem, thereby influencing wake-

fulness and skeletal mu.scle tone. An interesting

further suggestion from these experiments is that the

brain-stem activating system, which is inainly con-

trolled by nonthermoceptive projections, may in-

fluence the activities of the thermoregulatory efifector

svstems, including the skeletal muscles, as an in-

dependent reference mechanism (209). If such were

the case, a certain change in the intensity of lunction

of the activating system might balance the coordina-

tion of the diff'erent heat-loss and heat-production

mechanisms at a new le\el of bodv (or brain) tcm-
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FIG. 19. Effect of hypothalamic warming (as in fig. 17) on

cortical electrical activity from the left temporal area. Rabbit is

under urethanc anesthesia. Temperature of the hypothalamic

heating electrode {H.T.), ear-skin temperature (E.T.) and

respiratory rate are shown. Intense warming produces desyn

chronized cortical activity and 'emotional' polypnea, but no

cutaneous vasodilatation. [From von Euler & Soderberg (208).]

perature. This might, e.g., explain why hyperphagia

and a steady liyperthermia may appear together

after hypothalamic lesions (145).

From a conceptual point of \iew this suggestion is

a definite advance. The central nervous thermo-

regulatory mechanism has sometimes been coinpared

to a thermostat; in fever and during hard muscular

work (152) when thermoregulatory balance is

achieved (20) at a higher le\el of body temperature

than is normally the case at rest, the 'thermostat'

is said to be 'reset.' A given intensity of muscular

work leads in man to an ultimate new level of body

temperature (152) which is relatively independent of

the surrounding conditions for heat loss, an observa-

tion demonstrating that the body regulates by ad-

justing its heat-loss mechanisms at the new level. If

under such conditions the activities of the different

thermoregulatory effector systems can be stated

quantitatively and the central reference mechanism,

the brain-stem activating system, responsible for the

new thermoregulatory balance can be defined, the

terms 'thermostat' and 'resetting' would certainly

have an explicit meaning.

Humoral Effector Systems

When a skin area is cooled, a refle.xly induced

activation of the adrenal meduUae occurs with aug-

mented secretion of sympathetic catechol amines

(61). Intravenously administered epinephrine has a

significant calorigenic (glycolytic) effect and has

therefore been suggested to play a role in temperature

regulation, but opinions differ as to its quantitative

importance (138). Epinephrine and norepinephrine

also constrict skin arterioles which would be an addi-

tional thermoregulatory effect, but the adrenal hu-

moral control of peripheral vessels is quantitatively

unimportant in comparison with their nervous vaso-

constrictor control (42, 67). The adrenal medullae

are under hypolhalainic control but the possible

coordination between adrenomedullary activity and

the thermoregulatory effector systems is not well

known (46).

Extirpation of the thyroid gland (119, 159), the

adrenal glands or the hypophysis (31, 179) influences

temperature regulation, reducing resistance to body

cooling and the intensity of the fever response to

pyrogens (77). This fact is not in itself sufficient proof

that these endocrine glands take part in short-term

temperature regulation in the intact animal. The
extirpation effects might be attributed to a slowly

changed reactivity of thermoregulatory effector

organs, such as the blood vessels, to their normal mode
of control. Direct evidence in acute experiments,

however, demonstrates that exposure to cold within a

few hours evokes an increase of thyroxin secretion from

the thyroid gland of rabbits (37). After a further

latency the metabolic rate of the body responds by an

increase. This thyroid-activating effect of acute cold

exposure is mediated via the hypothalamohypophysial

connection (205). Local heating of the anterior hypo-

thalamus has been reported to decrease the blood

flow through the thyroid gland (183).

A relatively imtnediate effect on temperature reg-

ulation seems to be exerted by the adrenocorti-

cotrophic hormone (ACTH) which induces hypo-

thermia in the normal rabbit (fig. 20) and counteracts

pyrogen fever (58).
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The quantitative importance of endocrine modula-

tion of temperature regulation is more indisputable

when long-term conditions are considered. The
resting metabolic rate and the microscopic structure

of the thyroid gland vary with the time of the year in

animals (but not in man) ; cold induces increased

thyroid activity and this effect can be eliminated by

hypophysial stalk section (199), a phenomenon in-

dicating that it is elicited via hypothalamic structures

as in the above-mentioned acute experiments. Another

type of long-term adaptation of temperature regula-

tion is the change in furring which parallels climatic

changes in certain animals; this is also presumably

centrally controlled and hormonally elicited. The
process of hibernation represents the most extreme

type of such adaptation.

An interesting example of changes in human tem-

perature regulation occurring simultaneously with

endocrine changes is the slight but relatively long-

standing rise in body temperature which appears in

women at the time of ovulation (19).

A specific thermoregulatory hormone produced

in the thyroid gland and influencing tissue metabolism

with short-term effects has been proposed (14^, 143)

but its existence has not been confirmed (153, 201).

Body Water Movements

As shown by Barbour (11, 14), body water move-

ments occur during heat stress (hydremia with de-

creased diuresis) and cold stress (anhydremia with

increased diuresis) (i ). .An anhydremic reaction is also

seen in the beginning of fever and of muscular ex-

ercise when the body reacts as under cold stress until

the body temperature has ri.sen to a new balance

level. The anhydremia or at least decrease of plasma

volume in muscular exercise occurs rapidly, ap-

pearing within 5 mill, of moderate exercise (112).

In cold stress, water moves from the circulating

plasma to the extracellular or intracellular spaces,

particularly in the liver (12).

The water-shifting response to cold stress is de-

pendent on the activity of the sympathetic ner\ous

system and disappears after cervical spinal transec-

tion (14) or after adrenalectomy (11). ^Vater shifting

can lie evoked by local thermal stimulation of the

base of the brain in the rabbit; it disappears in ani-

mals with chronic destruction of the anterior hypo-

thalamus (10, 11). The conclusion should be that the

water-shifting response is at least partly evoked by

the action of hypothalamic thermodetectors and is

coordinated by anterior hypothalamic structures.

Simultaneous changes of water excretion point to

the participation of the supraopticohypophysial

system in this pattern of regulation. Local diathermic

warming of the detector region in the anterior hypo-

thalamus may produce an immediate reduction of

diuresis (183a), suggesting that this is a primary

thermoregulatory effector response and not secondary

to an increased \\ater loss.

Ceie/jial and Spinal Pathways of Effector Systems

Unilateral hypothalamic stimulation produces bi-

lateral responses from the thermoregulatory effector

systems. Hemitransection at the pontine level elimin-

ates contralateral sweating and diminishes ipsilateral

shivering and piloerection in the whole body of the

monkey (24). A similar effect is produced in the

lower extremities by hemitransection of the thoracic

spinal cord. The heat-loss effector systems project by

pathways which, according to studies involving

chronic lesions (25), can be anatomically separated

from the heat-production system (shivering) as high

as the mesencephalic le\'el (125), the former being

more medially situated than the latter. At the pontine

level heat-production mechanism paths are localized

within the cerebrospinal tract (127, 128) but, at the

lower cervical level of the spinal cord, these two tracts

are anatomically separated (48).

TEMPER.'^TURE REGUL.ATION UNDER

.ABNORMAL CONDITIONS

Effect of Anesthesia

The effect of anesthesia (99, 162) is to suppress

temperature regulation, especially the cold response

mechanisms. Anesthesia therefore usually leads to a

slow fall of body temperature at effective surrounding

temperatures below 34° to 35 °C, the fall being pro-

portional to the depth of anesthesia and independent

of the nature of the anesthesia (fig. 21) (194}. Mag-
nesium ions have a similar effect (92). This rule has

exceptions: small doses (light anesthesia) of pento-

barbital inhibit the panting mechanism (140) and

lead to increased body temperature in the cat (60),

although not in the dog. On the other hand, the

hyperthermia in cats produced by hypothalamic

lesions is counteracted hv pentobarbital (168). After

the end of anesthesia, temperature regulation rapidly

improves but does not become normal until after

several hours (102). Ethyl carbamate (urethane)
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ture regulation is related to postnatal rather than

total postconceptive age, and rises rapidly after birth

(37a). It has been proposed that the improvement

in temperature regulation is correlated w itli the proc-

ess of nnelination of ner\e fibers in the hypothalamus

(38).

Phylogeni'sis of Central Temjiniituir Regulation

The diflferent thermoregulatory effector mecha-

nisms vary in ciuantitati\e importance among dififer-

ent animal species. Piloerection is important in furred

animals, and feather erection in birds. Sweating is

less important in furred animals than in man, often

being confined in the former to the foot pads. Such

animals use panting plus salivation to lose heat by

water evaporation.

Central nervous thermodetectors have been demon-

strated in birds (177) and e\en in the turtle, a poikilo-

thermic animal (175, 176).

Regulation in Intact Alan

Although the existence of hypothalamic thermo-

ceptive structures has not been directh proved in

man, it is reasonable to assume that they do exist.

The effect of bilateral frontal lobotomy indicates

that the frontal lobe cortex does not play a prominent

role in human temperature regulation. Mechanical

stimulation of the hypothalamic region may cause

transient hyperthermia (23, 66, 144). Tumors which

destroy large parts of the hypothalamus may (57, 213)

or may not (66) produce prominent disturbances of

tcinperature regulation, with hyper- (3) or hypo-

thermia. As such lesions are never strictly defined, and

often are accompanied ijy destruction of other regions

such as the hypophysis, the result is difhcult to evalu-

ate. The main trend of observations, however, strongly

suggests (57) that hypothalamic structures are of

similar importance for coordination of temperature

regulation in man as in animals.

INTER.-^CTION OF PERIFHER.AL .AND CENTR.AL

F.'\CTORS IN TEMPERATURE REGULATION

The relative importance of surface thermoreceptors

in comparison with central nervous thermodetectors

in different homeothermic species has not been prop-

erly evaluated, but the principle of operation of such

a double set of thermoceptive structures .seems to be

fundamental. The central thermodetectors reflect

central ijlood temperature, being independent of

thermoregulatory effector responses, while surface

thermoreceptors reflect peripheral blood and cutane-

ous temperatures, beina; dependent on changes in
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cutaneous blood flow and water evaporation. The

two types of thermosensitive elements therefore have

significantly different roles in regulation and supple-

ment each other.

When cutaneous cold receptors are activated by

external cooling, cutaneous vasoconstriction ensues

as a regulatory measure. Skin temperature is thereby

further lowered, and the cold receptors are still more

intensely activated. This is a positive feed-back system

which would lead to large oscillations of cutaneous

blood flow in response to small stimuli unless modu-

lated by an independent type of receptive mechanism

working as a negative feed-back system. It is interest-

ing to note that in some animals the .skin areas of

dominating receptive importance are not identical

with those of dominating effector responses. This

would diminish the positive feed-back tendency of the

peripheral system (209). In man, on the other hand,

these areas seem to coincide (69).

Another aspect of the interplay between surface

thermoreceptors and central thermodetectors is

illustrated by an old observation, which anyone can

repeat, that heat-lo.ss mechanisms which have been

activated by a definite rise of body temperature can

be suppressed by cold stimulation of a small skin

area : the sweating evoked by a hot bath of long dura-

tion stops quickly when one hand is held in cold water

(64). The generalized cutaneous vasoconstriction

which rapidly follows local cooling of the hands leads

to decreased heat loss and a definite increase of rectal

temperature (6). If then the blood flow through the

cooled extremity is suddenly increased, body tem-

perature falls (because of redistriiaution ot lieat be-

tween deep and surface body layers) and shivering

may start (82). In evaluating such obser\'ations it

should be kept in mind that local skin cooling besides

activating cold receptors also may evoke pain.

If the central body temperature is kept sufficiently

high, cutaneous blood vessels remain dilated even at

very low ambient temperatures (173). Different skin

areas have different influences on central temperature

regulation, the skin of the face being relatively most

important (7). It also shows the quickest vasomotor

responses in thermal stress. Localized warming of the

skin, especially in the face, can evoke cutaneous

vasodilatation (fig. 22) which by increasing the rate

of heat loss lowers the body temperature until a new

balance is reached (79). This explains the initial

sensation of warmth when the face is exposed to the

sunshine on a cold spring day, and the sudden chill

and slight shivering which follow some quarter of an

hour later.

Marked changes of thermoregulatory effector

activities may occur with almost constant rectal tem-

perature. As shown in figure 23, oral temperature is

better correlated with such changes (55), a fact which

reflects the dominating importance of cranial thermo-

ceptive structures for the conditioning of central

nervous temperature regulation.
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Summary

A DISCUSSION of feeding and drinkins;, of appetite,

satiety, hunger and thirst, requires a knowledge of

many other functions of the ner\ous system, and it

may be well to note in the beginning that if certain

other phenomena were better understood, a more

adecjuate account of regulation of food and water in-

take would be possible.

SENSATION AND DISCRIMINATION

One of the important missing keys is a satisfactory

theory of sensation in general. Sensations associated

with hunger and thirst are so vix-id and so universally

known that they must be included in any explana-

tion of feeding and drinking, and yet they cannot be

explained nor can they be described very much better

than Sherrington did in his essays on general sensa-

tion in 1900 (77). Although Cannon & Washburn

' Preparation of this review has been aided by a grant

from the National Science Foundation. Portions of the review

are taken from an earlier review by the same author (19).

(25), and Carlson and his associates (26) identified

gastric contractions as the source of hunger pangs

experienced in the epigastrium, while Cannon (24),

Gregerson (40) and others have emphasized relative

dryness of the oral and pharyngeal membranes as a

stimulus for thirst sensation, the mechanisms by which

these and other sensations are perceived remain un-

known (in spite of careful investigations of sensory

pathways of spinal cord and brain, as reviewed else-

where in this Handbook). There is no hypothesis which

explains in a quantitative way how the organism

regulates either eating or drinking on the basis of

sensory experience.

Sherrington's review contains another idea which

is supported by more recent experiments, namely,

there may be a type of perception taking place within

the nervous system as a stimulus to eating or drinking.

Sherrington wrote as follows: " 'Hunger' feeling (and

'thirst' feeling) are held, therefore, to originate in

impressions elaborated by the bulbar centres re-

ceiving the roots of those [ninth and tenth] nerves.

These centres are perhaps specially sensitive to those

qualities of the circulating blood which depend on

intake of food, much as the bulbar centre receiving

the lung branches of the vagus is specially sensitive

to the respiratory quality of the blood. It can hardly

be supposed that in the nerve cells of these centres

impulses are actually initiated by conditions of the

blood supplied to them. . . . But the condition of

their blood affects the excitability of ner\e centres;

it may be supposed to increase the excitability of those

into which embouch the afferent nerves of the gullet

and stomach. Some nerve centres are remarkably in-

creased in excitability by moderate hunger, just as

conversely the knee-jerks are found to be diminished

"97
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after a heavy meal." In more recent studies the hypo-

thalamus rather than the bulb has become the locus

of the hypothetical actions by the blood, although

Larsson (54) noted feeding after stimulation of the

region of the dorsal motor nucleus of the vagus. Some
of the most lively controversy in this field has arisen

from attempts to identify the 'conditions of the blood'

to which the hypothalamus responds. Meanwhile,

Sherrington's question of whether changes in the

blood can actually initiate nerve impulses remains

unanswered.

There is now a tendency to use a measurement

of food intake or water consumption as a criterion

of the presence of hunger or thirst, in order to a\oid

the uncertainties of sensation. Data can be obtained

which are fairly precise and al.so reproducible. This

approach seems to be at least a modest step forward

since only a few years ago these quantities were re-

garded as so unpredictable that their regulation was

little studied. Credit for remedying this situation

belongs in larger part to Gasnier & Mayer (35) and

to Adolph (i, 2) who showed that food and water,

respectively, can be treated in a quantitative fashion.

Adolph's monograph encouraged other investigators

to try to discover some of the causes of the apparent

unpredictability in these regulations, and to endeavor

to identify the regulating mechanisms. Fifteen years

ago most animal rooms were not air conditioned so

that fluctuations in environmental temperature af-

fected feeding; the influence of the estral cycle was

suspected but not established (21, 78); and the effects

of changes in composition of the diet were almost

unstudied from the point of view of their effect upon

food and water intake (3, 84). When these and a rela-

tively few other factors are controlled, a record of

either food or water intake is a reliable guide to ap-

petite or thirst if these phenomena are defined simply

as desire for food or water. It is possible to measure

also the rate of eating, frequency of meals and in-

tervals between them (12). Experiments have been

carried out upon normal animals in different en-

vironmental and metabolic conditions, upon animals

with operations upon the nervous system and upon

animals having electrodes or hollow tubes implanted

in the brain for study after recovery from the effects

of anesthesia.

Most of the experiments on the nervous system have

been done to measure total food or total water intake

in animals fed standard diets. They offer little under-

standing as to just how hunger differs from thirst

except that one is a response to deprivation of food,

the other to lack of water. We know only from per-

sonal experience that one seems referred to the epi-

gastrium and the other to the mouth and pharvnx.

Animals do not always distinguish between the two

states; thus, a newborn mammal obtains water and
food simultaneously in the mother's milk and, pre-

sumably, has no need for separation of hunger and
thirst. The capacity to discriminate between the two

appears in infancy, since Cooke found evidence of it

in babies of 3 mos. and older (27). Even more com-
plex and uncertain is the ability of animals to make
a selection among diets of distinctive composition

(74> 75) snd among the "specific" hungers, of which

salt hunger is believed to be a prominent example.

How the body 'knows' that it needs protein rather

than carbohydrate, carbohydrate rather than fat,

a diet containing a particular vitamin or amino acid

rather than a deficient diet, or, for that matter, food

rather than flavored sawdust, is a mystery.

BEH.WIOR, COMP.\R.\TIVE ETHOLOGY .A.ND PSYCHOLOGY

Both feeding and drinking require behavior inove-

inents more complex than those of simple reflexes.

If all of the data relating to feeding behavior of higher

animals (including the traditions of animal hus-

bandry), and all psychological studies where hunger,

appetite, satiety or thirst are important variables

were to be reviewed, the result would be a large en-

cyclopedia. Included would be not only food ac-

ceptance, but searching, recognition and discrimina-

tion, in addition to practically innumerable studies of

motivation and aggression, as well as the problems

of innate behavior, instinct, learning, memory, con-

ditioning habit and prejudice (14, 44, 79, 87). In

brief, if feeding and drinking could be explained,

some of the most important questions in neurophys-

iology and psychology could be answered at once.

The present review is incomplete in that it does not

explore the neurological basis of nursing, chewing,

swallowing, nor processes concerned with rumina-

tion and other similar activities; it gives slight atten-

tion to grazing, pursuit, fighting, hoarding and ma-

ternal behavior in feeding the young; it hesitates to

mention the possibility that even the most complicated

of activities, man's labors, trades, professions and

even wars have reference in some way or other to

urges to eat and drink. Food is, without any doubt,

the oldest and most widely used 'tranquillizer.' This

subject is no small one; adequate study will provide

a tremendous quantity of interesting and important

data.
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SIGNIFICANCE OF NERVOUS SYSTEM

Two of the more enlightening discussions of hunger

and appetite, those of Carlson (26) and of Adolph

(3), begin and conclude, respectively, with the idea

that feeding is an activity of all animals, including

those having no ceiitral nervous system. Adolph wrote

(p. 124): "All animals that have been studied, those

without alimentary tracts as well as those which have,

recognize food, spurn food when it is superabundant,

and put forth extra efforts to get it when it is rare.

Hence, whatever be the machinery that may fi.x the

pattern of priorities in rats, comparable patterns seem

to be endowments of all animals, whether or not they

possess specialized neuromuscular or alimentary

systems." It seems possible that study of these phe-

nomena in higher animals might progress more

quickly if more were known about the liehavior of

lower forms, including those possessing no central

nervous system.

The relative significance of a given portion of the

nervous .system, for example, the hypothalamus, may
be evaluated by asking which animals have this part

of the brain. According to Ca'osby & VVoodburn (29)

the hypothalamus is well developed even in cyclo-

stomes. [Insects and other arthropods have ganglia

that may serve some of these same functions.-]

One cannot say whether the development of this part

of the brain is to be regarded as advanced in lower

animals or as primitive in man. The fact that it is

similar throughout the series of vertebrates suggests

that it serves activities common to all of them and

leads to a desire for more information on feeding

mechanisms and behavior from the point of view of

comparative physiology.

In contrast to the relative simplicity of the hypo-

thalamus and its uniformity among vertebrates are

the specialization and complexity of higher parts of

the brain. As in other forms of behavior, the functions

of the cerebral cortex in feeding are probably more

evident in man than in lower animals, yet in man they

are most difficult to analyze. Basic mechanisms seem

often to be obscured by habits, customs and preju-

dices that a physiologist has no way to study. Perhaps

^ In addition to earlier papers by Dethier (31), a more re-

cent account of his experiments reveals that in blowflies feeding

on sugar solutions, two mechanisms are important. One is the

taste of the solution; the other is the degree of distension of a

certain part of the foregut. On the basis of these two mecha-

nisms Dethier & Bodenstein have explained the quantitative

features of feeding activity in flies (30a). They are the first

authors to have achieved this goal using any animal.

the adult human brain should be put aside for the

moment in order to study the nervous system of

babies which is simpler in both organization and
function. In a baby nursed only by his mother, the

regulation of feeding and drinking is probably as

straightforward as it can be in a human situation (27).

The behavioral responses of babies include the sleep-

ing-waking cycle, crying, general movements of body
and extremities, and basic feeding reflexes allowing

them to locate the nipple, grasp it, suckle and swallow.

They definitely exhibit appetite and satiety. The
regulating system, of course, includes the mother,

since the amount of milk the baby gets is a function

of the rate of milk production, amount stored in the

breast, and activity and duration of activity of

mechanisms making it available to the baby, e.g.

milk ejection. That these are present in other mam-
mals may encourage a comparative study. These

advantages seem so obvious that one asks why more

studies have not been done. There are at least two

reasons: pediatricians in hospitals usually do not have

the baby's mother present to complete the regulating

system; and physiologists observing a baby in their

own family .sometimes have difficulty in remaining

objective about the situation. When, rarely, a first-

hand report does appear, it may have the interest

and clarity of the papers by the Newtons (68, 69);

they studied, however, the maternal side of the

regulating system. To encourage further research an

environment like the one said to exist in nursing

homes in England seems to be desirable. There an

experienced mother nursing at least her second child,

free trom cares of the rest of the familv for possibly

3 weeks, could provide data to answer many ques-

tions. Related experiments, of course, can be and have

been performed in laboratories and at agricultural

experiment stations; but their goal has been, .so far

as I can learn, to discover how to make the offspring

grow the most rapidly or how to obtain a maximal

milk production. The same techniques should be

suitable for studying, rather, the organization of the

regulating svstems.

INTERRELATIONSHIPS AND INTEGRATIONS

Regulation of food and water intake are examples

of the integrative activity of the nervous system

—

integrations more complex than those of the reflexes

in Sherrington's classic inonograph. VV'hen the inte-

gration is considered only in a quantitative sense of

how much food or water is taken, the part of the
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brain most definitely involved is the reticular forma-

tion of the brain stem and the hypothalamus. In their

representation within the brain, hunger and thirst

are related to other phenomena such as posture and

locomotion, control of pulmonary ventilation, the

sleep-waking cycle and regulation of body temper-

ature. All of these appear to be regulated by mecha-

nisms of the general class of controls systems—systems

which are analyzed by engineers using techniques de-

rived from information theory. This type of study is

difficult in biological systems and has not as yet been

developed fully for any one regulation. As a way of

thinking about these phenomena, it seems to offer

the advantage of a hope of mathematical analysis,

and it also encourages the study of a regulation by

means of analogy with a system better understood.

As Sherrington mentioned, a useful analogy is con-

trol of pulmonary ventilation, since it has many char-

acteristics in common with regulation of eating and

drinking (77). Like breathing, feeding and drinking

are periodic and rhythmic phenomena, subjected to

reflex control, with integration and possibly 'motiva-

tion' from the brain stem. All levels of the nervous

system, including the cerebral cortex, take part in the

regulation. The quantities regulated—minute volume

and food or water intake, respectively—are in each

case the product of a frequency multiplied by a quan-

tity. Respiratory minute volume is the product of

tidal air multiplied by respiratory rate, while food

intake is a product of frequency of feeding and size

of meals. In the brain stem the inspiratory and ap-

petite centers are analogous, while the expiratory and

satiety mechanisms appear to be similar. Both regula-

tions have their central mechanisms of control, yet

they are each affected by specific reflexes from par-

ticular organs. For example, reflexes from chemocep-

tors and from stretch receptors in the respiratory

tract are important in respiration, while reflexes be-

ginning with olfaction and taste, together with those

from receptors in the wall of the digestive system,

take part in the control of feeding. The inhibition of

feeding when the stomach is distended may be analo-

gous to the inhibition of inspiration when the lungs

are stretched, the Hering-Breuer reflex. And finally,

both of these regulations are associated with painful

sensations designated as hunger, e.g. air hunger. It

is necessary to point out that study of pulmonary

ventilation has gone forward with little attention to

air hunger. As painful and as dramatic as this sensa-

tion may be, it does not appear in the present-day

schemes of the control of respiration; its function may
be limited to periods of exceptional respiratorv need.

Whether gastric hunger is similar in its significance is

not known. It is possibly most important in babies

where the crying it causes helps to secure for the

infant his mother's attention when food is needed.

In control of pulmonary ventilation the respiratory

minute volume is regulated by way of the arterial

tension of carbon dioxide, the pH of arterial blood

and, apparently under unusual circumstances, by

the oxygen tension. Students are often surprised to

learn that a process so essential to life as is the supply

of oxygen should be regulated, almost incidentally

as it were, through control of carbon dioxide export.

A similar situation exists for feeding mechanisms;

although the end result of regulation is control of

energy intake, animals apparently have no mecha-

nisms for measuring energy per se. They do not meter

calories ingested but attain energy balance indirectly

through reactions that are related to or proportional

to energy need. The several hypotheses put forward

to explain this are reviewed later.

Adolph (3) seems to have introduced into the liter-

ature of this field the idea that animals show priori-

ties, competition and compromises in their regulation

of the several variables contributing to homeostasis.

Considering the regulations where the tegmentum

of the brain stem plays a part, one can say that pul-

monary ventilation has first priority, then body tem-

perature, body water and energy intake, in that order.

The exchange of respiratory gases must be regulated

almost from moment to moment, and errors, es-

pecially for oxygen, cannot be tolerated for the con-

venience of some other regulation; there is little inertia

in the system for oxygen because of small stores within

the body. Heat exchange is less demanding, especially

in larger animals where heat content of the body

offers inertia in the direction of both gain and loss;

errors are corrected in minutes or hours, in small or

large animals, respectively, and rate of production

can be balanced against rate of loss to compensate for

limitation of one or the other. For water exchange

the correction may require up to a day or longer; in

man a load or deficit can be tolerated for days, and

panting animals incur dehydration to prev-ent over-

heating. With respect to food intake and energy

balance even longer intervals are po.ssible, and balance

is readily sacrificed to maintain either body temper-

ature or pulmonary ventilation, or even to accomplish

muscular exercise. These are not independent vari-

ables in a rigid hierarchy, as one can see by observing

changes in ventilation accompanying or even neces-

sary for eating and drinking. This competition among
regulations and the influence of one regulation upon
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Others offers an opportunity for studying the functions

of the brain stem in a manner not revealed by analysis

of any one regulation alone.

Another type of interrelationship deserves mention.

Food intake is not an independent variable in energy

e.xchange, since it is the source of all the energy

aniinals have available for heat production, work and

storage either as growth or fatness. The common
knowledge that body weight of adult subjects tends

to remain constant is evidence that there is regulation

of the four variables as well as of each one, alone.

In other discussions of this subject the hypothalamus

has been proposed to be the part of the nervous system

responsible for the 'automatic" features of the regula-

tion of energy exchange, and heat production has

been suggested as the common denominator between

food, work, storage and temperature regulation (i8,

80). These conclusions are based upon reports that

lesions in .selected regions of the hvpothalamus may
alter food intake (6, 20), body temperature (73), body

weight or spontaneous activity (43, 57), and al.so

upon ev'idence from normal animals revealing changes

in other variables when one of them is arljitrarily

changed by the investigator. The idea that the hypo-

thalamus integrates these regulations, although hypo-

thetical, seems to be generally accepted. It is being

studied further in the laboratory by examining the

effectiveness of temperature regulation in animals

with disorders of feeding, and by searching for other

possible correlations between deficits of regulation of

activity, food intake and heat exchange.

LEVELS OF NERVOUS CONTROL

Our present understanding of how the ner\ous

system achieves the regulation of feeding and drink-

ing may be summarized in a few paragraphs. In

higher animals the brain stem, including the nuclei

and primary connections of the cranial nerves, is the

level most directly concerned. The basic patterns are

probably reflex in nature, requiring integrated motor

activity of trigeminal, facial, glossopharyngeal, vagal

and hypoglossal nerses, while the sensory com-

ponents of these as well as many other nerves are

playing their part. For almost any animal, including

one which has just eaten, food is a stimulus for these

reflex responses; when there occurs an adequate

sensory stimulation, animals move toward food, in-

vestigate, eat and swallow it. Reflexes of attention,

approach, examination, incorporation and rejection

appear to be important. Little is known of these

mechanisms, however, and it is not clear just how
much of feeding behavior can be designated as reflex

and how much may be either conditioned responses,

learned behavior or .some other type of more highly

organized activity. It seems desirable to attempt to

learn more about these reflexes because neuro-

physiology has so often gone forv\'ard by way of studv

of reflex mechanisms.

Pertinent data have been obtained from studies of

the behavior of animals with lesions at selected levels

of the neuraxis, and of unanesthetized animals during

stimulation or perfusion of discrete areas within the

brain. Experiments by Miller & Sherrington (62)

and liy Bazett & Penfield (15), using decerebrate

cats, showed that simple feeding responses are pos-

sible after remo\'al of much of the mesencephalon

and all of the more rostral portions of the brain. Their

decerebrate animals were capable of reflex chewing

and swallowing and of reflex rejection of certain

materials. Bazett & Penfield noted purring after

their cats were fed which suggests that a certain de-

gree of 'satiety' can occur even at the reflex or seg-

mental level. (Sherrington's reference to 'spinal

hunger' is found below.)

The function of the hypothalamus, the next higher

level, is assumed to be quantitative, as already stated,

as if this part of the brain adjusts energy intake to

expenditure. The medial hypothalamus is believed

to take part in reactions of satiety, while the lateral

portions are responsible for appetite. After destruc-

tion of the lateral regions, animals fail to eat (6, 33);

in some cases the failure persists until death, in others

it is transitory or may be relieved following a period

of artificial feeding (8, 67, 86). Medial lesions, by

contrast, lead to overeating and obesity in all species

studied including man (20, 22).' When the lateral

mechanism is stimulated in unanesthetized animals,

feeding occurs (7, 23, 30, 53). Stimulation of the

medial region, as well as of certain other portions of

the brain, induces what appears to be satiety. This

was discovered by Olds (70) and others have con-

firmed his observations. In theory, the interaction

of these two hypothalamic regions might account for

most of the quantitative aspects of regulation of food

intake, since the cerebral cortex and other locations

in higher levels might affect the appetite via the hypo-

thalamic mechanisms. This, howe\er, is not known
and is not necessary, since the cortex might act upon

' A convenient means of destroying these regions in mice

is by the intraperitoneal injection of gold thioglucose (56, 58).

The resulting obesity is like that of animals with lesions pro-

duced in the hypothalamus by electrolysis (32, 54).
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feeding reflexes directly or through the reticuhTr

formation. It is conceivable that the lateral hypo-

thalamus or appetite mechanism serves to facilitate

the feeding reflexes, while the medial hypothalamus

or satiety mechanism acts to inhibit the reflexes. In

a fasting condition the lateral portion would be active,

the medial one quiet, with a resulting high appetite

and low satiety. But after feeding the lateral portion

would be quiet and the medial one active—low ap-

petite and high satiety. When the medial mechanism

is injured and hyperphagia follows, any remaining

regulation probably occurs through variations in

activity of the lateral portion, that is, through changes

only in appetite. This may explain why food intake

is so labile in animals with hyperphagia, as Kennedy

(49), Stevenson (63) and Teitelbaum (85) have ob-

served.

The highest ie\el of the brain, the cortex, is also

involved in feeding responses, as the early paper by

Paget (71) and the later review by Kirschbaum (51)

emphasize. There are, however, not many experi-

mental data relating to this subject with the excep-

tion of certain p.sychological studies on animals, es-

pecially primates. Ob.servations by Pribram &
Bagshaw (72) using monkeys imply that the cortex is

necessary for recognition of objects suitable for food

and for feeding responses determined by social en-

vironment. Since the work of Goltz (38) it has been

known that decorticate animals are restless at feeding

time and quiet after they are fed (76). Similar ob-

servations have been made upon infants born with

cerebral lesions or an imperfectly developed brain.

If the lesions are confined to the cortex, the babies

seem to have little difficulty in nursing. Indeed, even

in normal infants there is no reason to suppo.se that

feeding requires the highest levels of the nervous

system. Later, as more complicated behavior patterns

appear, the cerebral cortex is more definitely im-

plicated.

CENTR.\L PERCEPTION

All of the prominent hypotheses regarding regula-

tion of feeding and drinking are alike in that they

assume that the brain, probably the hypothalamus,

contains sensitive or 'sensory' elements capable of

responding to the 'qualities of the circulating blood'

mentioned by .Sherrington. Among the qualities or

'signals' proposed are water concentrations (9, 48),

availability of glucose (59, 60), metabolites related

in concentration to the size of bodilv reserves of fat

(50) and thermal gradients (18, 83). .Although certain

authors have been inclined to look upon .some one of

these as the basis of the regulation of, for example,

feeding, others have decided that multiple factors are

responsible for the transition from appetite to satiety

(5, 18, 46). Of the changes mentioned, there is little

question that animals are hungry when the brain is

lacking in carbohydrate supply, as it is during insulin

hypoglycemia; but if a lack of available glucose is to

be used to explain the enhanced food intake of diabetes

mellitus (59), then the "feeding centers' of the hypo-

thalamus must differ from the rest of the brain in that

they require insulin as muscle does for normal utiliza-

tion of carbohydrate. Similarly, it is certain that most

animals cannot eat when they are dehydrated, and

also that after feeding there is a movement of fluid

out of the rest of the body into the digestive tract (40,

55). But whether this movement can provide a signal

that eating has taken place is not established, although

it seems plausible. Again, food intake is responsive to

changes in environmental temperature and to the

circumstances of temperature regulation within the

body (18); that the heat released during assimilation

of food is a signal to the hypothalamus, however, is

not accepted by all investigators. Finally, the main-

tenance of a constant depot of fat within the body

takes place only under certain limited conditions of

feeding and environment (45). In at least two species

of animals the fat stores depend upon genetic strain

and upon fat concentration in the diet (34, 61). One
cannot state that any one of these possible 'signals'

is not important; but it does appear that certain of

them are more suitable for regulation than others.

Shifts of water occur during digestion, for example,

no matter what the composition of the diet, and there

are also definite water requirements associated with

regulation of body temperature and with activity,

as well as with storage of protein and, to a lesser

extent, of fat. Water might, therefore, pro\ide a

common denominator necessary for interrelationships

in control of feeding, drinking, body temperature,

activity, body size and energy intake (28). The extra

heat of metabolism of food, the specific dynamic

action (S.D.A.), ofl"ers similar advantages, in addition

to being responsive to the metabolic state of the body

in a fashion that could explain alterations in food

intake following starvation and during growth, and

when the composition of the diet is changed. High

protein diets have a high S.D.A. and animals rarely

become obese on such a diet, while high fat diets pre-

dispose to obesity in some animals and have a lower

S.D.A. It is not necessary to inquire further into this
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subject here, since it is the author's behel that a

variety of factors is important and that it is not pos-

sible at tlie present time to assess quantitatively the

relative significance of each.

SUPPLEMENTARY MECHANISMS

Presenting these generalized changes that could

act upon the hypothalamus should not lead to a

neglect of more definite, although possibly more

limited, sensory mechanisms. The ability of the

month, pharynx and upper esophagus to 'meter' both

water and food is well established (i, 16, 17, 47,

52, 88), and so is the inhibiting effect of gastric dis-

tention (4, 47, 89). The sensation of hunger arising

in the stomach, and of thirst referred to the mouth

and pharynx, are powerful reminders of a need for

food or water. Yet the disappearance of gastric hunger

as fasting is prolonged, its absence during cold ex-

posure (26), the normal feeding responses of animals

without innervation of the gastrointestinal tract

(41, 42) and the persistence of appetite after removal

of most or all of the stomach (92), all indicate that

either generalized or central perception is more

critical than the localized one in achieving the overall

regulation (13, 66). One may suppose, as Carlson

did, that a newborn baby cries when its empty

stomach contracts, that filling the stomach with milk

inhibits the contractions and that this sets up a

learned response where feeding is associated with

relief of gastric pain (26). However, very young babies

(just how young is uncertain) can be fed at intervals

throughout the day with no periods of crying and no

evident gastric distress (personal observation). They

evidently experience a cycle of appetite-satiety-

appetite, etc., without definite pain. Adult subjects

sometimes report the same experience (60), as a well-

known child psychiatrist assured this reviewer that

gastric pains as an accompaniment of the hunger

state were completely unknown to him.

The diagram of figure i presents a simplified out-

line of a multifactor concept of regulation of feeding,

based on the conclusions that appetite is converted

into satiety by the processes of eating and filling the

stomach, by relief of hypoglycemia or inadequate

supply of glucose, and by shifting of body water, as

well as by the thermal stress of the S.D.A. This dia-

gram may be incomplete since other reactions may
remain now unknown. Its principal value is that it

illustrates the ability of the central nervous .system

to take manv different kinds of change within the

APPETITE

i

FEEDING
J

Relief of

hypoglycemia

\ .

S.D.A.

Rising

heat load

SATIETY

FIG. I. .Simplifieid outline of a multifactoi' concept of the

regulation of feeding.

body and integrate them into a pattern of activity

or response. Whether all of these factors act upon the

hypothalamus is not known; but all of them must act

eventually upon feeding reflexes, which means that

they must either directly or through other neural

pathways affect the motor nerve nuclei of the brain

stem. One can understand how the three generalized

changes—glucose lack, water movement and thermal

gradients—might act upon the same neuron or upon

all neurons. Wherever their critical actions, the end

result of a deficiency of food must be active facilitation

of reflexes necessary for feeding, as a lack of water in

a similar fashion must facilitate drinking refle.xes. The
key reactions within the brain are facilitation and

inhibition, applied discretely enough to allow animals

to distinguish between need for food and for water

and to provide a basis for specific hungers or appe-

tites. That is, facilitation and inhibition must be

selective. This implies a type of discrimination within

the tegmentum or in mechanisms closely related to it

and calls to mind .Sherrington's conclusion that there

is a spinal hunger state (77). He noted (p. 845), "As

a broad rule, spinal reflexes are more easily elicited

when a well-nourished animal is hungry and expect-

ing food, and less easily when it has just heavily fed.

There is, so to say, a spinal hunger."

In writing about thirst^, authors seem inclined to

follow the pattern already outlined for hunger and

appetite. Andersson (9), Andersson & McCann (10,

11) and Greer (39) have all observed drinking to

follow perfusion or stimulation of the hypothalamus.

^ Wolf has recently published a monograph on thirst that is

both informative and interesting, and has immediately become

the classic discussion of this subject (93).
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In the goats studied in Andersson's laboratory,

drinking was accompanied by antidiuresis which

combined to gi\e the animal a phenomenal excess of

water within the liody (g, lo). Their results suggest

the localization of a thirst mechanism in the rostro-

dorsomedial portion of the hypothalamus. Destruc-

tion of this region reduced or aljolished drinking in

dogs (ii). A more precise type of localization has

been reported by Stevenson et al. (8i) and Monte-

murro & Stevenson (64, 65) who find that discrete

bilateral lesions in the lateral hypothalamic area re-

duce or even abolish drinking in rats. They regard

this as a drinking "center' analogous to the lateral

feeding mechanisms described by Anand (6). A gen-

eral confirmation of their results was published by

Morrison & Mayer (67), with certain differences,

including lesions of a larger size than those of Monte-

murro. A report by Gilbert suggests a location out-

side the hypothalamus for the thirst mechanism, but

further study is needed since he has reported that

lesions of the subcommissural organ and the injection

of extracts of this organ both have the same effect in

reducing drinking, where one would suppose on

theoretical grounds that the two procedures should

give opposite results (36).

A state of persistent drinking, analogous to hyper-

phagia and independent of diabetes insipidus, does

not appear to have been disco\'ered. If there are

inhibitory mechanisms for drinking, either they are

not localized well enough to be destroyed by experi-

mental lesions or else the lesions tiius tar created are

not in the critical regions. If the brain does, indeed,

contain osmoreceptors, one can imagine how they

might at one time inhibit urine production, induce

drinking and limit food intake because the body is

relati\'ely low on water. At another time they could

allow urine to flow without inhibition, prevent drink-

ing and facilitate feeding reflexes when bodily reser-

voirs of water are relatisely full and food is lacking

(37). The interaction of neurons responding to avail-

ability of water with those sensitive to conditions of

temperature regulation might offer the beginning of

simple discriminations which could ije refined and

made more specific h\ scn.sory input from other parts

of the body, including taste, distance receptors and

the innervation of the digestive tract. In other words,

the permutations and combinations possible among
only a half dozen different reactions and mechanisms

known to be related to feeding and drinking may
well include most of the conditions under which both

food and water intake are known to respond to

changes in the animal and its environment. Experi-

mental data suggest both such an interrelationship

(67, 82), and also a certain degree of independence of

the appetite and thirst mechanisms (65, 67).

LOCOMOTOR ACTIVITY

Integration of feeding and drinking with regulation

of other factors in energy exchange was noted above.

In conclusion, acti\'ity should be mentioned also as

one of the mechanisms assisting with water and food

intake. Laboratory animals with food either present

or supplied at intervals may have little need for forag-

ing. This, of course, is an artificial situation, for under

natural conditions the higher animals all mo\e about

in the process of getting their day's rations. Activity

precedes eating (90), while partial starvation in-

creases spontaneous activity (80, 91). The observa-

tions that either an increase (57) or a decrease (43)

in activity may follow appropriate lesions of the

hypothalamus, therefore, seem to complete the chain

of reactions in which the body correlates the variables

of energy exchange and at the same time utilizes

each of the several variables to facilitate the regula-

tion of the others. For this purpose, at least, a regula-

tion can be defined as the end result of the integrative

actions of the nervous system in the control of a

physiological xariaiale—in particular, a variable ex-

changed between the organism and its environment.

SUMM.-VRY

Progress in this field within the past 15 years has

led to the following conclusions and hypotheses.

a) Water and energy exchange can be measured

under conditions where rcliabilitv and accuracy are

possible, and where the regulation of these variables

by the body can be studied.

/)) Lesions in the hypothalamus may alter the regu-

lation of water excretion, water intake, food intake,

body temperature, spontaneous activity or body

weight.

f) Stimulation of the lupothalamus or perfusion

with certain solutions will activate at least some of the

mechanisms which ha\e been identified in animals

with experimental lesions.

d) These observations suggest the hypothesis that

the hypothalamus is an integrator of regulations con-

cerned with water and with energy exchange.

e) The integration is affected by sensory input into

the brain from the organs of special sensation and
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from the skin, as well as from receptors in the mouth,

pharynx and gastrointestinal tract, but it is based

upon more generalized types of change in the internal

environment. These generalized changes arc ijelieved

to influence the neurons in a manner which leads to

selective facilitation or inhibition of reflex patterns

essential to eating and drinking.

/) The generalized changes include the availability

of water and of gluco.se and other metabolites, and

the conditions of temperature regulation. Other im-

portant variables of this type may be as yet unknown.

g) Gastric hunger and pharyngeal thirst remain

as important problems in general .sensation. Under
natural conditions they have a part in motivating

feeding and drinking, but they are not required for

the regulation of either energv or water exchange.

REFERENCES

19-

20.

23

24-

26.

27-

28.

29-

Adolph, E. F. Am. J. Physiol. 125: 75, 1939.

.Adolph, E. F. Physiological Regulations. Lanca.ster : Cattell,

'943-

Adolph, E. F. .Am. J. Physiol. 151 : iio, 1947.

Adolph, E. F. Am. J. Physiol. 161 : 374, 1950.

Adolph, E. F., J. P. Barker and P. A. Hov. Am. J.

Phyuol. 178:538, 1954.

Anand, B. K. and J. R. Brobeck. i'ale J. Biol. & Med.

24: 123. >95'-

Anand, B. K. and .S. Dua. Iniiian J. .\t. Res. 43: 113,

'955-

Anand, B. K., S. T>v.\ and K. Shhoenberg. J. Physiol.

127: 143, 1955.

Andersson, B. Acta pliysiol. scatidinav. 28: 188, 1953.

Andersson, B. and S. M. McCann. Acta physiol. scandinav.

35: 9". '955-

Andersson, B. and S. M. McCann. .Acta physiol. scandinav.

35: 3'2, 1955-

Anliker, J. AND J. Mayer. Am. J. Clin. .Viittition 5: 148,

'957-

Archdeacon, J. VV., M. W. Presnell and C. J. Walton.

Am. J. Physiol. 157: 149, 1949.

Barnett, S. a. Behaviour 9: 24, 1956.

Bazett, H. C. and VV. G. Pen field. Brain 45: i, 1922.

Bellows, R. T. Am. J. Physiol. 125: 87, 1939.

Berkum, M. M., M. L. Kessen and N. E. Miller. J.

Comp. & Physiol. Psychol. 45: 550, 1952.

Brobeck, J. R. Yale J. Biol. & Med. 20: 545, 1948.

Brobeck, J. R. Yale J. Biol. & Med. 29: 565, 1957.

Brobeck, J. R., J. Tepperman and C. N. H. Long.

Yale J. Biol. & Med. 15: 831, 1943.

Brobeck, J. R., M. Wheatland and J. L. .Stromincer.

Endocrinology 40: 65, 1947.

Brooks, C. McC, R. .\. Lockwood and M. L. Wiggins.

Am. J. Physiol. 147: 735, 1946.

Brugoer, M. Helvel. physiol. et Pharmacol, acta i : 183,

1943-

Cannon, W. B. Proc. Roy. .Soc, London, ser. B 90: 283,

1918.

Cannon, VV. B. and A. L. Washbur.n. .4m. J. Physiol.

29: 441, 1912.

Carlson, A. J. Control oj Hunger in Health and Disease.

Chicago: Univ. Chicago Press, 1916.

Cooke, R. E. Yale J. Biol. <S? Med. 24: 334, 1952.

Cort, R. L. Thesis. New Haven: Yale LJnivcrsity School

of Medicine, 1951.

Crosby, E. C. and R. T. Woodburne. A. Res. .Ven'. &
Ment. Dis., Proc. 20: 52, 1940.

30. Deloado, J. M. R. and B. K. An.\nd. .4m. J. Physiol.

172; 162, 1953.

30a. Dethier, V. G. and Bodenstein. ^Ischr. Tierpaychol. 15:

129, 1958.

31. Dethier, V. G. and D. R. Evans. J. Insect Physiol, i: 3,

957-
32. Drachman, R. H. and ]. Tepperman. Yale J. Biol. &

Med. 26: 394, 1954.

33. Feldman, S. E., S. Larsson and S. Lepkovskv. .Im. J.

Physiol. 191: 259, 1957.

34. Fenton, p. F. Am. J. Physiol. 184: 52, 1956.

35. Gasnier, a. and a. Mayer. Ann. de physiol. 15: 145, 157,

186, 195, 2 ID, 1939.

36. Gilbert, G. J. Am. J. Physiol. 191 : 243, 1957.

37. Gilman, a. Am. J. Physiol. 120: 323, 1937.

38. Goltz, F. Arch. ges. Physiol. 51 : 570, 1892.

39. Greer, M. A. Proc. Soc. Exper. Biol. & Med. 89: 59, 1955.

40. Gregerson, M. I. and L.J. Cizek. In: Medical Physiology,

edited by P. Bard. St. Louis: Mosby, 1956, p. 763.

41. Grossman, M. L, G. M. Cummins and A. C. Ivv. .im. J.

Physiol. 149: 100, 1947.

42. Harris, S. C, A. C. Ivy and L. M. Searle. J. A. .\i. A.

134: 1468, 1947.

43. Hetherington, .'\. VV. and .S. W. Ranson. Am. J. Physiol.

136: 609, 1942.

44. Hinde, R. a. Behaviour 5 : 1 89, 1 953.

45. Ingle, D. J. Proc. Soc. Exper. Biol. & Med. -j'2: 604, 1949.

46. Janowitz, H. D. and M. I. Grossman. J. .Ml. Sinai

Hosp. Netv York 16: 231, 1949.

47. Janowitz, H. D. and M. I. Grossman, .im. J. Physiol.

159: 143. 949-
48. Jewell, P. A. and E. B. Verney. Phil. Trans. B 240:

197. 1957-

49. Kennedy', G. C. Proc. Roy. Soc, London, ser. B 137: 535,

1950-

50. Kennedy, G. C. Proc. Roy. Soc, London, ser. B 140: 578,

>953-

51. Kirschb.\um, VV. R. J. .Nerv. e? .Ment. Dis. 113: 95, 1951.

52. KoHN, M., J. Comp. & Physiol. Psychol. 44: 412, 1951.

53. Larsson, S. .icta physiol. .scandinav. 32, Suppl. 115: 63,

1954-

54. Larsson, S. Acta physiol. scandinav. 40: 367, 1957.

55. Lepkovsky, S., R. Lyman, D. Fleming, M. N.agumo

AND M. M. Dimick. .im. J. Physiol. 188: 327, 1957.

56. LiEBELT, R. A. AND J. H. Perry. Proc Soc. Exper. Biol. &
Med. 95: 774, 1957.

57. Maire, F. W. and H. D. Patton. .im. J. Physiol. 178:

315. '954-



I2o6 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY I[

58. Marshall, N. B., R. J. Barrnett and J. Mayer. Proc.

Soc. Exper. Biol. & Med. 90: 240, 1955.

59. Mayer, J. Physiol. Rev. 33: 472, 1953.

60. Ma\'er, J. Clin. Res. Proc. 5: 123, 1957.

61. MiCKELSEN, O., S. Takahashi AND C. Craig. J. .Xutrition

57:541. 1955'

62. Miller, F. R. and C. S. Sherrington. Quart. J. Exper.

Physiol, g: 147, 1916.

63. Miller, N. E., C. J. Bailev and J. A. F. Stevenson.

Science 112: 256, 1950.

64. Montemurro, D. G. and J. A. F. Stevenson. Yale J.
Biol. & Med. 28: 396, 1955-56.

65. Montemurro, D. G. and J. A. F. Stevenson. Canad. J.
Biochem. & Physiol. 35: 31, 1957.

66. Montgomery, M. F. Am. J. Physiol. 96: 221, 1931.

67. Morrison, S. D. and J. Ma\-er. Am. J. Physiol, igi

:

^48. 1957-

68. Newton, M. and N. R. Newton. J. Prdiat. 33: 698,

1948.

69. Newton, N. Am. J. Obst. & Gynec. 64A: i68, 1952.

70. Olds, J. Science 122: 878, 1955.

71. Paget, S. Tr. Clin. Soc, London 30; 113, 1897.

72. Pribram, K. H. .and M. Bagshaw. J. Comp. Meurol. 99:

347. 1953-

73. Ranson, S. VV. .-1. Res. .Nerv. c? Menl. Dis., Proc. 20: 342,

1940.

74. Richter, C. p., L. E. Holt, Jr. and B. Barelare. Am.

J. Physiol. 119: 388, 1937.

75. Richter, C. P., L. E. Holt, Jr. and B. Barelare. Am.

J. Physiol. 122: 734, 1938.

76. Rogers, F. T. Am. J. Physiol. 41 : 555, 1916.

77. Sherrington, C. S. In: Textbook of Physiology, edited by
E. A. (Sharpey-)Schaefer. Edinburgh; Pentland, 1900,

vol. 2, p. 920.

78. Slonaker, J. R. Am. J. Physiol. 73: 485, 1925.

79. Stellar, E. Psychol. Rev. 61 : 5, 1954.

80. Stevenson, J. A. F. and R. H. Rixon. tale J. Biol. <S

.Med. 29: 575, 1957.

81. Stevenson, J. A. F., L. G. Welt and J. Orloff. Am. J.
Physiol. 161: 35, 1950.

82. Strominger, J. L. Tale J. Biol. & Med. 19: 279, 1947.

83. Strominger, J. L. and J. R. Brobeck. Tale J. Biol. &
Med. 25: 383, 1953.

84. Strominger, J. L., J. R. Brobeck and R. L. Cort. Tale

J. Biol. & Med. 36 : 55, 1 953.

85. Teitelbaum, p. J. Comp. & Physiol. Psychol. 48: 156, 1955.

86. Teitelbaum, P. and E. Stellar. Science 120: 894, 1954.

87. Tinbergen, N. Advancement of Sc. 12: 17, 1955.

88. TowBiN, E. J. Am. J. Physiol. 159: 533, 1949.

89. TowBiN, E. J. .4m. J. Physiol. 182: 377, 1955.

90. VVada, T. Arch. Psychol. 8(57): i, 1922.

91. Wald, G. .and B.Jackson. Proc. .fv'at. Acad. Sc, Washington

30: 255, 1944.

92. Wangensteen, O. H. and H. A. Carlson. Proc. S'oc. Exper.

Biol. & Med. 28: 545, 1 93 1.

93. Wolf, .'\. V. Thirst. Springfield; Thomas, 1958.



CHAPTER XLVIII

Central control of the bladder^
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urinary bladder presents unique but little exploited

opportunities for study. It is the most accessible

smooth muscle of the body and can be studied quan-

titatively in vivo with relatively little interference with

it or with the body a.s a whole. Also, the bladder is

relatively independent of other visceral organs, so

that its control by the brain can be studied without

the complexities presented by, for example, the car-

diovascular system.

Although neurologists, urologists and physiolo-

gists have a community of interest in the bladder,

they have little community of thought. The clinical

disciplines have developed a fairly uniform view,

apparently little influenced by physiological experi-

ments on animals although there is a substantial

similarity in methodology which should make

translation from aniinals to man easy. A further

paradox is that physiological thinking on the subject

has been more influenced by classic neurological

concepts, especially tho.se of Hughlings Jackson, and

by the now classic experiments of a urologist, F. J.

F. Harrington. This chapter will bring the neuro-

physiological and clinical data into juxtaposition.

METHODS OF STUDY

THE NEUR.\L CONTROL of the urinary bladder is a

matter of considerable clinical importance to neurolo-

gists and to urologists. To the physiologist, the

' Based in part on studies aided by grants from the Washing-

ton State Research Fund for Biology and Medicine and by a

contract (Ni 13-150) between the Office of Naval Research,

Department of the Navy, and the University of Washington.

Simple Pressure Recording

The bladder containing an arbitrarily determined

volume of a fluid is connected to a manometer or a

tambour by means of a urethral catheter. The bladder

contracts under varying degrees of isometricity,

depending on the size of the connecting tube, the

density of the fluid or the stiffness of the tambour

membrane; the limiting case is a strain gauge or a

1207
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similar device vvliich requires only an infinitesimal

movement of fluid from the bladder. The recording

being isometric, the activity of the bladder is mani-

fested as pressure whereas, in other devices, the

volume of the bladder actually decreases in varying

degrees and the contraction is manifested in the

movement of fluid as well as in pressure. The muscle

progressively contracts at a shorter length of fiber,

a condition which in skeletal muscle decreases the

tension produced. No thoroughgoing comparisons

of isoinetric and isotonic recording of bladder con-

traction have been pui)lished.

Cystometry

The variety of cystometers is bewildering. .AH

'short-circuit" the sphincters by the urethral catheter

so that only detrusor activity is studied. This situation

has analytical value but dictates caution in reasoning

from cystometrograms to normal micturition. All

cystometrograms relate intravesical volume to pres-

sure, the latter by convenience and convention being

graphed on the ordi nates. In some critical details,

cystometers vary considerably. Most are isotonic but

some are isometric. .Second, in some, the fluid flows

into the bladder continuously; in others by equal

sudden increments, spaced equally in time. How-
ever, provided certain strictures on the two methods

are observed, there is no demonstrated significant

difference in the resulting pressure-\olume curve.

A continuous flow should be delivered at a pres-

sure which results in equal increments per unit time

and requires volume monitoring. This method is

defended as more natural although, at best, the flow

exceeds the rate of urine formation. The resistance of

the catheter orifice is a major factor unless the filling

is exceedingly slow, in which case deterioration of

an animal preparation, limitation of the number of

determinations and time consumption enter the pic-

ture. A double-lumen catheter is necessary for re-

cording true intravesical pressure, and this necessity

aggravates the proljlem of catheterizing small ani-

mals such as the cat.

In the discontinuous increment method, the

instantaneous rate of fluid input is higher, and the

record is more influenced by a) the viscous properties

of the bladder wall and h) errors related to the re-

cording of pressures during fluid movement. The

position of the manometer is irrelevant. The abrupt

rise of recorded pressure with each increment is an

orifice-viscosity factor and should be regarded as a

convenient signal, marking the time of the increment.

\ double-lumen catheter eliminates the orifice factor

but is not needed if the intravesical pressure is read

at the end of the interval between increments when
the pressure curve is asymptotic and no fluid is flow-

ing.

The cystometer yields, in addition to the pressure-

volume cur\ e, a measure of the micturition threshold,

i.e. the volume (or pressure) which precipitates the

vigorous, sustained, easily recognizable, micturition

contraction of the detrusor. If tiie record is isometric,

or to a lesser extent, if it is semi-isotonic, the rate,

strength and duration of detrusor activity are also

measured. Both the threshold volume and the mic-

turition-reflex record are measures of the excitability

of the reflex arc, a state which is determined by

facilitation and inhibition from the iirain.

Micturition Threshold Determinations in Intact Animal

The volume of a "spontaneous" micturition (i.e.

that occurring when the bladder of an unanesthe-

tized uncatheterized animal is filled by urine secre-

tion) is, by definition, a measure of the micturition

threshold, suijject to correction by the amount of

residual urine (36). Unlike cystometry, "spontaneous'

micturition volume determinations assay the func-

tioning of the whole urinary tract and the sum of the

neural influences from supraspinal levels, acting on

the sphincters as well as on the detrusor. The method

is comparable to the 'times and volume" observation

of a clinical patient. The technique involves an

efficient metabolism cage pan connected with a

volume recorder. Induction of diuresis permits more

micturition volumes to be measured in a unit time.

Other Methods

Electrodes may i)e applied to the bladder wall or

to the afferent or efferent neurons innervating the

bladder. Fluoroscopic, roentgenographic and cine-

fluorographic techniques have also have been used,

and various arrangements of pressure recorders have

been utilized to obser\'e sphincter activity separately

or simultaneouslv with detrusor activity.

CENTR.'KL CONTROL OF BL.\DDER TONUS

Few words are as loosely defined and have so many
vague connotations as 'tone' or 'tonus.' It seems best

to use these words in a generic sense to mean a kind
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FIO. I. Schematic cystometrogiams. .1/ indicates peak

pressure during micturition contraction. Segment /, or the

initial rise, is segment from zero to first point of inflection.

Segment II, or the tonus limb, begins at the first inflection point

and either ends at micturition contraction or, in the absence of

micturition reflex, continues into Segment III, the ascending

limb. [From Tang & Ruch (32).]

or class of things, and to modify tliein by specific

terms to denote more restricted meanings, e.g. 'ac-

tive,' 'neurogenic' (Thus may be avoided the no-

menclatural impasse reached by physiologists in

respect to 'inhibition.') Also, in an area in which

quasivitalistic thinking has occurred, it seems best to

use an operational definition. Thus, 'tonus' of the

bladder is defined simply by the pressure-volume

curve yielded by a cystometer.

Cystometrogram

Figure i shows a diagrammatic cystometrogram

and introduces a terminology, which is without prej-

udice in respect to cause, for the various phases of

the record. Although the zero pressure on the ma-
nometer is set at the level of the symphysis pubis,

most cystometrograms show a definite rise in intra-

vesical pressure with the first increment of volume

(Segment I). The reason for this has not been ex-

plicitly stated. After a definite inflection, the AP/AV
rises slowly, usually along a slightly positively ac-

celerated curve—Segment II, or the 'tonus limb.'

Normally, this limb is truncated by the occurrence

of micturition, indicated by the arrow labelled M,
the maximum pressure developed (semi-isotonic)

being indicated by the dot. If micturition does not

occur. Segment II continues, the curve 'accelerating'

FIG. 2. Cystometer used by Mosso and Pollacani who were

the first to record cystometrograms. [From Mosso & Pellacani

(22).]

more rapidly until it climbs quite steeply. The quasi-

inflection, although often sharp, is greatly exag-

gerated in the diagram. This ascending limb is

designated Segment III to provide for the possi-

bility that an additional component of the bladder

wall is involved. It is noteworthy that micturition

usually occurs before or at this point of inflection, if

it occurs at all.

Mosso & Pellacani (22), who first determined the

pressure-volume curve of the bladder using the cys-

tometer shown in figure 2, and tho.se who have

followed them have been preoccupied with the flat-

ness of Segment II and ha\e endowed the bladder

with a property of 'adaptation'; or 'accommoda-

tion.'- Several authors (8, 9, 19), perhaps following

Sherrington, have likened the bladder's reaction to

° These terms are unlbrtunate because they hint at an active

tonic detrusor process, and both ha\'e other technical meanings

in neurophysiology. In a recent clinical work, Segment II is

attributed to a stretch reflex, although a stretch reflex, did it

exist, would cause the pressure to rise, the reverse of accommo-
dation.
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FIG. 3. Tambour tracings of intravesical pressure obtained from a patient showing eflTects of

increased intra-abdominal pressure and of emotional stimuli resulting from a psychiatric inter-

view. [From Straub et a!. (29).]

the Stretch imposed b\' fiUing to the postural reflexes

of skeletal muscle. The tonus limb is thought by some

(8, 9) to represent an interplay between an excitatory

reflex (tonus) and an inhibitory reflex (adaptation or

accommodation), comparable broadly to the short-

ening and lengthening reaction of extensor muscles.

According to this analogy, the degree of bladder

tonus is neurally determined. Denny-Brown & Rob-

ertson attributed the basic neural mechanism of

tonus to the plexus of neurons lying on the bladder

wall whereas Langworthy's concept was a neural

mechanism analogous to that controlling the myotatic

reflex of skeletal muscle, a spinal refle.x controlled

by the brain stem. Clinical workers, with tlie ex-

ception of Nesbit and his co-authors (26, 27), either

have made no interpretation or have accepted the

neurogenic origin of bladder tonus explicitly or im-

plicitly.

Absence of Higher Control of Bladder 1 one

In figures 4 and 14 to 16 is presented a series of

experiments in which cystometrograms were ob-

tained from intact unanesthetized cats and from

the same or other cats after segmental transec-

tions at various levels of the neural axis, the deter-

minations being made after the effects of ether anes-

thesia had dissipated. It will be observed from the

take-off point of the arrows denoting micturition

that the various transections profoundly altered the

micturition-reflex threshold and hence the excitabil-

ity of the micturition reflex. Transections at some

levels increased micturition-reflex excitability over the

pre-existing state; at other levels, transection de-

creased the threshold. In the whole series of experi-

ments, the thresholds ranged from 4 ml (intercollicular

decerebration) through 66 ml for the intact cat to

complete failure of the refle.x in acute spinal prepa-

rations. These threshold changes will be correlated

with levels of transection in a later section.

The point at issue here is the comparison within

each diagram (representing a single animal) of Seg-

ment II up to the point of micturition. For each

animal, the tonus limb is identical, within the limits

of experimental error, in the normal state and after

each of the sequential transections used in the par-

ticular experiment. Although transections at various

levels between a hypothalamic level and the spinal

cord' varied the micturition threshold from a few

milliliters to complete failure of micturition, the

operations had no efl'ect on bladder tonus. It is

concluded therefore that bladder tonus, unlike the

micturition reflex, is not subject to either facilitation

or inhibition from supraspinal levels. If bladder tonus

is a reflex, it is unique among reflexes in not being

subject to higher control.

The literature contains many reports of changes in

intravesical pressure following stimulation of various

brain-stem and cortical structures, and such changes

have usually been identified with tonus. An alterna-

tive explanation is that they are fractional mani-

festations of the micturition reflex, elicited by a frac-

tional activation of the complex neural apparatus

controlling the e.xcitability of this reflex. Striking

changes of intravesical pressure (fig. 3) ha\e also

been induced in man by stiinuli with emotional

significance (29). Whether these are tonus changes or

' Langley & Whiteside (181 made a s'milar observation after

spinal transection in the dog.
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abortive micturition contractions is the question.

However, it is fair to point out that all possibility of

descending influences on bladder tonus are not

ruled out by the animal experiments since the highest

transections deprived the animals of much of their

perceptual and emotional apparatus. The intact

unanesthetized animals were kept in a tranquil

state, a requisite for obtaining a cystometrogram.

Vesicle tonus is not a spinal or ganglionic reflex.

This fact has been demonstrated by Carpenter &
Root (5) and by Tang & Ruch (32) in experiments

in which any tonic mechanism depending on spinal

reflex arcs or postganglionic 'reflex' arcs, served by

the intramural plexus of the bladder wall, was

negated by acute spinal transection, sacral rhizotomy,

ganglionic blockade, ether and pentobarbital anes-

thesia, or anoxia (death). No change in the tonus

limb to the point of micturition was caused by acute

spinal transection (fig. 4), procainization or section of

the sacral roots (fig. 5), or by deep anesthesia or

death (fig. 6). Carpenter & Root (5) also found no

difference in the tonus limbs of cystometrograms for

normal lightly-anesthetized cats and those treated

with tetraethylammonium bromide (TEA) which

negates both the sympathetic and the parasympa-

thetic innervation and, presumably, mural ganglionic

transmission. Nesbit & Lapides (26) and Langley &
\Vhiteside (18) reported experiments of the same

90
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FIG. 6. Grapli showing A, cysto-

mctrogiam in intact state (.V) and that

under ether anesthesia; B, cystometro-

Rram in intact state and that under

pentobarbital anesthesia; C, cysto-

metrograni in intact state and that

after death. [From Tang & Ruch (32).]
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FIG. 7. A. Cystomctrograms following

spinal transection (.S7^) and subsequent

sacral rhizotomy (.S'.l). li. Spinal cysto-

metrograins showing shift of second

curve (SP.) to right of the first (SP,).

[From Tang & Ruch (3^).]

siinihir t(i lliosc of skclcUil iiiuscic. The N'isrous pro]5-

crlics explain llio resistance to sudden slretcli, the

subsidence of this resistance and a iiysleresis effect.

On release of stretch, ihc pressure cui'\e fails 10 re-

trace the curve followed on the application of stretch.

The failure of two similar applications of stretch, as

in fit;ure H, to yield the same curve is a similar

j)heiu)iuenon.

A physical chaniije in the bladder wall which shifts

the cystometric curve to the left (hypertonicity) has

also been produced experimenially. According to

Carpenter & Root's analysis (5), this hypertonicity

(fig. 9) occurs after section of the pelvic nerve or, to

a lesser degree, of the sacral roots; develops a few

days postoperatively; is not due to infcciion; and is

accompanied l)\ :i Inpertrophy of ihe bhitkler wall

(.(I, iiKinilesU'd in weiuhl and hislolosjical ;ippear-

ance. The degree of hy[)ertrophy was related to the

anu)unt of residual urine and the intravesical pres-

sure; these were greater alter iicKic nerve .section

which leaxes intact the tonic inner\ation of the ex-

ternal sphincter via the pudendal ner\es.

.Another inid more striking wa\ in which (he jjhys-

ical status of the bladder can be altered in the direc-

tion of 'hy|)ertonicity" was shown (|uantitatively by

\ eeiieiiKi el <il. (34). Thev exteriorized the ureters of

dogs, prexenting the bladder from receiving its nor-

mal periodic filling and emptying. The cystometro-

gram taken 39 days postoperatively showed a sharply

ascending .Segment II (fig. 10). Unfortunately, the

behavior of the bladder in repealed cysiometrograms

was not studied. This and the lime eour.se of recovery

from li\ |)ok)nicit\ induced b\ sireteh elearlv deserve
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and the thoroughness of the procedures such as tidal

drainage designed to prevent distention or shrinkage

of the bladder.

Extreme hypertonicity (climbing tonus cur\e)

occurs as an intermediate or late stage after spinal

transection and, according to some, as the final

state after interruption of the sacral reflex arc (fig.

ii). The steeply rising tonus limb is interrupted by

frequent, but feeble, brief contractions. In spinal

transection cases, tonus becomes more normal when

the micturition reflex becomes more normal.
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bladders were observed and encouraged by careful

nursing. Since World War II, the orientation, in-

cluding surgical intervention, has been toward con-

trolling o\eractivity of the bladder.

The neurophysiologist draws an analogy between

the myotatic reflex of skeletal muscle and the mic-

turition contraction, both being reflexes in response

to stretch and both being relati\ely sustained ac-

tivities. He thinks of such reflexes in higher animals

as depending not on a simple reflex arc but on such

an arc played upon by facilitation and inhibition

from several levels of the brain stem. A moment's

reflection suffices to show that a reflex arc inhibited

from the cerebral cortex is not a typical pattern for

either visceral or somatic mechanisms, nor does

this oversimplified concept afford any explanation of

the period, lasting clays, during which the spinal re-

flexes are depressed. Physiologically, posttransection

areflexia or hyporeflexia (spinal shock) are ascribed

to the blocking of descending facilitatory impulses,

missing from the urologists' schemata. Recent phys-

iological investigations seem to indicate that the

higher control of the micturition reflex and the

myotatic reflexes of antigravity muscles can, mutatus

mutandis, fit into the same framework.

Levels of Bladder Control

The following account is based upon and extends

the classic, but neglected, observation of Barrington

(i, 2) which proves that the upper pons contains a

powerful micturition facilitatory area. Some of the

same observations were also made by Langworthy

and his co-workers (19). However, for the sake of

simplicity of presentation, and because their experi-

ments involved anesthesia and their interpretations

were dififerent, the following account is based upon

a single set of experiments (31, 33). The levels of

transection referred to in the text are shown in figure

13. Description will be in terms of the most rostral

level maintaining continuity with the final common
path rather than the transection yielding the prepara-

tion.

ANTERIOR PONTINE PREP.'VR.-VTiON. When the spinal

cord of the cat is divided, no amount of fluid intro-

duced into the bladder will elicit even the slightest

micturition contraction. Complete vesicle areflexia

exists. However, when the brain stem is transected

just above the pons or at the classic intercollicular

level, quite the opposite happens; not only does the

micturition refle.x occur, but the threshold volume is

TRANS-
hypothalamic /

decerebration /

supracollicula'r
decerebration

subcollicular
decerebration

\intercollicular
decerebration

Fio. 13. Schematic representation of levels of brain-stem

transection. SC, superior colliculus; IC, inferior coUiculus; M,
mammillary body; P, pons. [From Tang (31).]

only a fraction of the normal and the detrusor con-

traction is powerful and sustained (fig. 14). If a

second transection is inade a few millimeters caudally

(fig. 15), if the anterior pontine tissue is cooled

(East,N.R.,J. J. Milford & T. C. Ruch, unpublished

observations) or if the appropriate pontine locus^

is focally destroyed, the micturition reflex is no longer

elicitable—the preparation is virtually a spinal animal

in respect to micturition. Thus, as Barrington rightly

concluded, the anterior pons gives origin to a de-

scending tract which facilitates the spinal micturition

reflex arc. When this descending pathway is the only

remaining suprasegmental influence, the micturition

reflex is so facilitated that the threshold volume is

but a fraction (typically one-sixth) of that required to

trigger the reflex in the intact cat. From these experi-

ments it may also be concluded that the neural struc-

tures rostral to the anterior pons exert a net, power-

ful, inhibitory action on this reflex.

Although the level of control is slightly more ros-

tral for the bladder, there is a basic similarity to the

tonic brain-stem influences on other visceral struc-

tures (e.g. blood vessels) and on the postural refle.xes

of the antigravity muscles (decerebrate rigidity).

ROSTRAL MIDBRAIN PREPARATION. If a supracollicular

transection is performed a few millimeters higher,

along the line so labelled in figure 13, an inhibitory

' Bilateral focal lesions in the dorsal tegmentum at the

isthmus level, immediately ventral to the lateral angles of the

periventricular gray matter, destroy the pontine center (33).
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FIG. 14. Tambour records of cystometric determination with manometric notations. B. Two
successive records after intercoUicular decerebration. C. After spinal transection. The reconstructed

cystometrogram also shows a control normal cur\e. In this and subsequent cystometrograms the

following abbreviations are used.

SUB.C, subcollicidar transection SUP.D., supracollicular decerebration

I.D., intercoUicular decerebration T.D., transhypothalamic decerebration

[From Tang & Ruch (32).]

component is identified. Although the threshold

volume needed to elicit micturition is smaller than

normal (fig. 4), it is sometimes only slightly smaller

and is always considerably larger than the small

volumes sufficing in the intercoUicular decerebrate

preparation. Converting a rostral midi^rain prepara-

tion into an anterior pontine preparation by per-

forming an intercoUicular transection results in a

pronounced lowering of the threshold (fig. 16,

right). Thus, the pontine facilitatory area is partially

balanced by a midbrain inhibitory area.^ One can

visualize two descending streams of impulses, one

increasing and one decreasing the excitability of the

preganglionic neurons supplying the bladder, the

two summing algebraically. The midbrain area may,

of course, be inhibiting the pontine area rather than

or as well as the final common pathway. Both areas

must receive an afferent input from below since both

act when the brain rostral to each has been ablated.

" Focal lesions (33) have localized this area bilaterally in the

tegmentum, just lateral to the central gray matter, at the

caudal superior coUicular level.

POSTERIOR HYPOTHALAMIC PREPARATION. An initial

transection slightly rostral to the superior coUicular

level (transhypothalamic decerebration) yields a very

low micturition threshold, averaging 8 ml in seven

experiments. A subsequent supracollicular transec-

tion elevates the micturition threshold dramatically

(fig. 16, right), the average now being 29 ml as

would be predicted. The threshold change for six

of the seven animals was an increase of threefold or

more. Thus, again, two conclusions can be drawn:

a) that the wedge-shaped block of tissue between

the two levels of decerebration contains a powerful

facilitatory area^ and b) that the net eflfect of the tis-

sue rostral to the transhypothalamic area is strongly

inhibitory to the micturition reflex. The marked

reduction in threshold to 4 to 12 ml documents a

powerful, rostral, net inhibitory effect, presumably

from the cerebral cortex and the rostral hypo-

thalamus, although this point was not specifically

examined.

' Localizing experiments placed the effective locus in the

mammillary region (33).
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STIMULATION EXPERIMENTS. It is bv iio means certain

that all of the central influences on the micturition

reflex are revealed by transection experiments which

disclose only those which are tonically (continu-

ously) active. From stimulation experiments, there is

strong likelihood that the paracentral lobule, the

60
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FIG. 15. Cystometrograms showing change in micturition

reflex when an anterior pontine preparation (ID) is transected

a few millimeters caudally (SUB.D). [From Tang& Ruch (32).]

premotor area, the posterior cingulate gyrus (15),

the posterior pyriform cortex and amygdala (13),

and even the cerebellum (6) are concerned in vesicle

control. In fact, alinost every cerebral and brain-

stem structure has been implicated by one author or

another. It is significant, in view of the inhibitory

role assigned to the cerebral cortex, that strong

micturition contractions are readily produced from

cortical stimulation. Stimulation experiments de-

signed to test the relationship of the various cortical

areas to the micturition reflex are yet to be carried

out. Such experiments are usually interpreted in

terms of tonus. To explore inhibitory functions an

excitatory background is required, and the micturi-

tion reflex, biu not tonus, provides this.

Detailed correlation of brain-stem lesions and

stimulation experiments (14) will not be attempted

since the latter do not reveal areas inhibitory to the

micturition reflex, since the significance of the re-

sponse is not clear and it is uncertain whether or not

descending fibers from a higher level are being

stimulated. The last has been well shown by Gross-

man & Wang (11). Stimulation of the general region

of the septum pellucidum and the medial preoptic

area produced micturition-like contraction. When
this area was chronically destroyed, the bladder

responses to stimulation of the hypothalamus caudal

to the lesion, except the region of the Harrington

facilitatory area, became much smaller and more

poorly sustained. Whether the septal-preoptic area
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FIG. 17. Dorsal view of the lower brain stem of dog with

cerebellum removed. The location of points producing contrac-

tion shown by dots on the left. Points more laterally and deeply

located, which relaxed the bladder are shown by triangles on

right. Barbiturate anesthesia and Marey tambour recording.

[From Kuru & Hukaya (17).]

is a micturition facilitatory area in its own right or a

way station from the cerebral cortex is not clear. Its

influence on the bladder is exerted through the

sacral nerve roots whereas unsustained contractions

may employ sympathetic efFerents and may be

trigonal in origin.

Since ablation experiments indicate that the blad-

der, unlike many other viscera, is not represented at

the medullary level, interest attaches to the observa-

tions of Kuru & Hukaya (17), embodied in figure 17,

who found vesicle excitatory points in the medulla.

Kuru (16) also traced afferent pathways from the

sacral segment to this same region {vide infra), sug-

gesting an additional brain-stem level concerned

with bladder activity, although presumal)ly not

exerting tonic control since subcollicular and spinal

transections are equivalent. However, whether fibers

of passage or a 'center' was stimulated is not deter-

mined.

The two summary diagrams (fig. 18) convey the

complexity of descending influences on the mic-

turition reflex. It is a considerably more extensive

apparatus than that envisaged by clinical neurolo-

gists and urologists. Bladder control is clearly repre-

sented at successive levels of the neural axis, just as is

the control of somatic reflex activities. It seems un-

likely that in man this whole apparatus except its

cortical and spinal termini could have fallen into

desuetude.

Pathological Physiology of Human Micturition

Only those abnormalities which are neurogenic

need be discussed. There are substantial differences

in terminology (cf. 20, 23, 25), and terms have been

chosen which have unfortunate connotations in re-

spect to neural mechanisms.*

U.MNHIBITED NEUROGENIC: BL.^DDER (McLeLL.^iN).

Caused by damage to cerebral structures or subtotal

interruption of spinal pathways, according to

McLellan (20), this condition is characterized by

urgency, small-volume thresholds and frequent

micturitions that empty the bladder. Continence is

usually maintained, perhaps by the external

sphincter. Cystometricalh', the abortive micturition

contractions, accompanied by a desire to micturate,

may occur at an initial 25-ml increment and at each

subsequent increment; or contractions may not occur

until a normal bladder \olume is reached but are

then imperative. The tonus curve may be within the

normal range, or somewhat steep, a change we

ascribe to smaller than normal micturition volumes.

This situation is similar to that produced experi-

mentally in cats by intercollicular and transhypo-

thalamic transections. Howe\er, the laboratory and

clinical workers differ in their interpretation. Clinical

accounts emphasize a) release of a spinal reflex from

cortical inhibition, and b) by implication, the cortico-

spinal tract is the inhibitory agent. Neurophysiologi-

cal experiments suggest that the low threshold and

the strength of the detrusor contraction are due, not

to the spinal reflex arc's acting alone, but to its

* Expressions like 'neurogenic bladder' and 'cord bladder'

are clinical jargon, and substitutes should be found. This is

apparent if one reflects for a moment on the literal meaning of

the phrases.
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and are no longer excited to the point of neuron

threshold. Clinical writers are deprived of an ex-

planation for this condition (and offer none) because

they recognize no descending facilitation.

The intermediate stage (which ma>' be the final

one) of repeated and frequent, althougii small and

abortive or partially effective, micturition contrac-

tions is paralleled in the return of myotatic skeletal

reflexes. They exhibit exactly the same deficiency in

being unable to maintain a strong, sustained reflex

(e.g. the knee jerk is present when the paraplegic

cannot stand), although as with the micturition re-

flex, the threshold may be quite low. The end result

of a large capacity bladder, as opposed to one with a

small capacity, is thus presumed to depend on

whether care has pre\entecl those changes in the

bladder wall resulting from maintaining the bladder

in a state of nearly perpetual, although intermitting,

contraction, i.e. unvaried by periodic complete con-

tractions and fillings. Thus, the "normal" reflex

bladder, or Munro's fourth stage, may be simply a

bladder which, through avoidance of shrinkage, is

able to operate at the higher volumes, i.e. between

the normal and the residual \olume levels.

Cystitis or the introduction of an irritating solu-

tion into the bladder yields a cystometrogram very

similar to overreactive neurogenic bladder dysfunc-

tion in both man (23; Plum, F., unpublished ob-

servations) and animals. This may simply be caused

by overacti\ity of the micturition stretch end organs.

Another possibility, which should be explored, is

that the bladder possesses a second inode of contrac-

tion, allied to nociceptive somatic reflexes which are

fasored in the spinal state and which are phasic

rather than sustained. Such nociceptive reflexes

could be operatise in l)oth cystitis and after spinal

cord lesions.

.AUTONOMOUS NEUROGENIC BLADDER. SYNONOMY : IN-

FRANUCLEAR NEUROGENIC BLADDER DYSFUNCTION,

DECENTR.^LIZED BL.'KDDER, DENERVATED BL.ADDER.

This category is well named since remaining bladder

function is carried on only by the bladder and the

outlying plexus because both the afferent and the

efferent parasympathetic limbs of the reflex arc are

interrupted by blockade or destruction of the conus

meduUaris, the cauda equina, the sacral ner\'e roots,

the pelvic nerve or the inferior hypogastric plexus.

The terminology assumes that the sympathetic in-

nervation plays no part in the micturition reflex.

Bladder sensation and voluntary and spinal re-

flex micturition are abolished; the remaining con-

tractions, if any, are small in amplitude, although

some authors (9) have reported quite vigorous con-

tractions. The bladder capacity is initially large but

returns to or below normal, intravesical pressure is

high and small micturitions are frequent. Denny-
Brown & Robertson (8) ascribed a consideralile part

of the activity of the ijladder to the intramural

plexus, whereas McLellan (20) discounts it. Car-

penter & Root (5) recorded autonomous contrac-

tions attaining 54 cm hydrostatic pressure, i.e. at

the lower range of normal micturition pressures. The
cystometrogram is likely to show a steeply ascending

tonus limb, the basis of which has been di.scussed

previously. How the physiology of the intramural

plexus effects vesical contraction, e.g. whether by

axon reflexes or by a synaptic connection between

sense organ and postganglionic effectors, has received

little attention. The contractions occur after pelvic

nerve section and degeneration of most of the af-

ferent supply to the bladder, a fact which argues

against axon reflexes of one type. Contractions do

not occur after sacral posterior root section; they may
be myogenic.

TABETIC BLADDER. SYNONOMY: ATONIC NEUROGENIC

BLADDER. An interruption of the sacral posterior roots

leaving the motor roots intact completely abolishes

the desire to micturate, although a vague awareness

of bladder fullness may persist. Reffex contraction of

the detrusor muscle iails, and there is a high residual

overffow incontinence and a thinning rather than a

hypertrophy of the bladder wall. No satisfactory ex-

planation for the absence of activity in the intra-

mural plexus has been evolved. The state is com-

parable to the absence of the skeletal myotatic

reflexes when their posterior root inner\ation is de-

stroyed. The atonia, as we have seen, is secondary

to the failure of the micturition reflex and results

from oserdistention.

CONTROL OF BLADDER SPHINCTERS

The act of micturition in\ol\es an interplay of the

detrusor muscle, the internal sphincter, the external

sphincter (striate muscle), and striate accessory

muscles of the abdominal wall and the pelvic floor.

The internal sphincter is not an anatomical

sphincter in the sense of Lieing a distinct, circularly

arranged, smooth muscle. Rather, it is a 'physiologi-

cal sphincter" composed of extensions of the trigonal

and mural musculature, sweeping o\er and under
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the internal urethral orifice. The internal sphincter

does not act like a gate at the command of the Ijrain.

Much of the information on \esical action was pro-

vided by Denny-Brown & Robertson (7, 8j who

recorded the pressure in the bladder and distal to

the internal sphincter in man. The internal sphincter

cannot be voluntarily opened or closed independently

of detrusor contraction and relaxation, respectiveh'.

The external sphincter cannot be \oluntarily opened,

but it can be closed vigorously in the face of detrusor

activity. The internal sphincter cannot be forced by

straining (increased intra-abdominal pressure) nor

does it open before or immediately when detrusor

activity begins. It opens later after a variable rise in

pressure (18 to 43 cm), i.e. after an initial period

which might be termed the 'initial isometric phase of

vesical contraction.'

The internal sphincter is therefore not a primary

agent, but it opens sequentially to detrusor contrac-

tion and closes sequentially to detrusor relaxation.

(Although a constrictor action is exerted by the

hypogastric nerve, it is believed to be a part of the act

of ejaculation, preventing reflux into the bladder.)

Thus, there is little evidence that the internal

sphincter is relaxed by either the sympathetic or

parasympathetic innervation as a part of micturi-

tion, but see Evans (10). The mechanism of the in-

ternal sphincter remains speculative. The contrac-

tion of the detrusor musculature in the bladder and

sphincter may open the sphincter orifice in a me-

chanical fashion, although this is difficult to \isualize

from the anatomical arrangements. Or, as the de-

trusor is activated, impulses may spread through the

intramural plexus, relaxing the sphincter. Or, a

spinal reflex may sequentially activate tiic two

muscles, a mechanism analogous to that of the

cardiac sphincter of the stomach. The latter ex-

planations assume that the sphincter, unlike the

mural muscles, possesses neurogenic tonus when, in

fact, it restrains fluid under pressure during normal

filling when the bladder wall is acting passively or

when extrinsic neural activity is in abeyance, as in

the acute phase of spinal shock or after sacral nerve

section. The mechanical hypothesis is perhaps the

most economical.

During micturition, the external sphincter ap-

parently opens as a result of central inhibition of the

motoneurons of the pudendal nerve. Evans (10)

noted a cessation of nerve impulses in the pudendal

nerve when the external sphincter opened as a part

of micturition. The tone of this sphincter, like that of

other striate muscle, is inaintained by a continuous

stream of impulses which are inhibited centrally as

a part of reflex micturition.

.\FFERENT B.'^SIS OF MICTLRITION

Vesical afTerents and their pathways complete the

segmental and supraspinal control of the bladder.

When Iggo (12) introduced fluid into the bladder at

such excessively high rates that it was filled to its

capacity in less than half a minute, single afferent

neurons in the pelvic nerve discharged occasionally,

i.e. irregularly, beginning at about 20 ml of volume.

The discharges accelerated briefly to a maximum of

20 to 30 per sec. (at about 40 ml of fluid) and then

decelerated to i per sec. despite further filling.

During sustained, but not increasing, filling ap-

proaching micturition threshold volume (30 to 60

ml), the frequency was very low (4 to 6 per min.).

This suggests either that the end organs adapt

rapidly or that the internal viscous flows end the

stimulus. Although the evidence is fragmentary, there

presumably is only a slight discharge during the

initial phases of the cystometrogram, not sufficient in

itself to induce reflex micturition in the normal ani-

mal but sufficient when the preganglionic fibers are

heavily facilitated from above as in the intercollicular

or transhypothalamic decerebrate preparation when

the micturition threshold is low and the resistance to

passive stretch is like that in the normal animal.

The inicturition reflex is perhaps the longest sus-

tained phasic spinal reflex. If this long duration is

gained peripherally, a certain arrangement of stretch

receptors can be predicted. If the stretch receptors

are arranged in parallel with the muscle fibers, their

shortening would slacken them, ending the stimulus

to the receptor and to the continuation of micturi-

tion. On the other hand, if the receptors are ar-

ranged in series, isometric and even isotonic contrac-

tion should increase the rate of firing during detrusor

activity. In a chloralosed cat, the bladder distended

with 5 to 15 ml of water characteristically contracts

rhythmically, although not strongly. A few impulses

at low frequency occurred in a single fiber as fluid

returned to the bladder (fig. 19, lower record). As

the bladder contracted, there was a sudden increase

in the rate of firing which stopped completely when

the bladder started to relax. When flow of fluid

from the bladder was restrained, firing coincident

with contraction was sharph' increased (from 5 per

sec. to 30 or 40 per sec), and the discharge was sus-

tained at a high rate, 20 per sec, for as long as half
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ml.

mm Hg

FIG. 19. Upper record. Impulses in single afferent fiber of the pelvic plexus (lower trace) aroused

by exceedingly rapid passive filling of denervated cat bladder. Upper trace shows the intravesical

pressure. Time pips at i-sec. intervals. Lower record. Impulses in a pelvic afferent fiber due to a

'spontaneous' contraction during emptying and filling. Lower trace, action potentials; middle trace,

intravesical pressure; upper trace, bladder volume. Note emptying is downward. [From Iggo (12).]

a minute. The same afferent neuron discharges to

passive stretch and, more vigorously, to the active

tension of isometric contraction of tlie bladder

muscle; the neuron also discharges to the actual

shortening of the fibers but not to their lengthening

during relaxation.

This behavior is consistent with a stretch receptor

arranged in series with the muscle fibers and ac-

counts for the sustained character of micturition, but

it may not be the only mechanism. The complex

brain-stem mechanism for bladder controls suggests

that afferent impulses from the bladder may be

iong-circuited' through the brain where circularly

arranged nerve nets would provide the temporal

dispersion of impulses returning to the segmental

preganglionic neurons. \Vhether this is the case will

not be known until input-output studies are made.

Spinal Afferent and Efferent Pathways

The spinal afferent pathway of the bladder in

animals is difficult to distinguish experimentally

from the descending pathways, but in man, bladder

sensations provide additional information. While

anterolateral cordotomy in man often interferes

transiently or even permanently with bladder func-

tion, well-executed cordotomies induce little or no

bladder disturbance, either sensory or motor. As-

cending impulses from the bladder apparently do not

follow the same pathway as sensations of the sexual

orgasm which are abolished by cordotomy. The

lamination of the spinothalamic tract would predi-

cate a posterolateral locus of ascending fibers. The

available experimental evidence (3) suggests that

bladder afferent and motor spinal tracts occupy an

e\en more posterolateral position, i.e. superficially

just ventral to the posterior horn. A dorsal quadrant

section of the spinal cord in the cat seems almost

equi\alent to a spinal cord section in severity of

bladder disturbance. McMichael (21) described a

critical case of severe bladder disturbance, unac-

companied by somatosensory disturbance, in which

the lesion was restricted to the superficial fibers in

the extreme posterior portion of the posterolateral

column (fig. 19). Nathan & Smith (24) place the

ascending fibers somewhat more ventrally where

they would almost certainly be injured by cordotomy

which often does not occur. White (35) suggested

that the posterior columns may conduct sensory

impulses from the bladder, and Talaat (30) con-

firmed this electrophysiologically.

In tracing the ascending degenerations in Marchi

preparations of cordotomy cases, Kuru (16) de-

scribed, under the name tractus sacrobulbares,

fibers pursuing the same general pathway as the

spinothalamic tract, some terminating in the juxtasoli-

tary nucleus and some dorsal to its rostral end.

Sacral components in the posterior column were

traced to the same general area. Continuation of the

system by second- and third-order neurons could

reach the pontine bladder-controlling area which

acts when rostral connections are severed. In this

fashion, a controlling circuit starting and ending in

the bladder would be closed.
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THE INFLUENCE OF INTERNAL SECRETIONS Oil neiVOUS

function is nowhere more pronounced than in the

dramatic effects of sex hormones on reproductive

behavior. Patterns of courtship, mating and parental

behavior have ijeen described extensively and have

been shown to be activated by hormones in both in-

vertebrate and vertebrate phyla. The present paper

will not attempt to review the multitude of interesting

beha\ioral .sequences in the lower animal forms; for

accounts of these, reference is made to the monograph
by Tinbergen (92) and to the excellent reviews of

Beach (10, 11). The present work will concentrate

on the far better known mammalian patterns, their

anatomical and physiological neural correlates, and

mechanisms of neuroendocrine interaction.

Many of the more active research contributors to

this field have published authoritative reviews of their

own extensive studies. In order to keep the present

list of references within reasonable limits much of tjie

work of these investigators will receive reference

through their re\iews rather than their original indi-

vidual publications.

HISTORIC'VL B.ACKGROUND

Early in the nineteenth century Gall and Spurzheim

(87), as part of their phrenological considerations,

located a center of sexual ijehavior or "amatixeness'

in the cerebellum. This concept has never been sup-

ported by evidence from animal experiments. In his

now famous experiments on the dog brain Goltz (36,

37) reported that the cerebral cortex was an essential

substrate for sexual behavior in the male but not in

the female. Electrical stimulation experiments by von

Bechterew (93) supported the cortical location of a

center controlling erection and ejaculation in dogs.

In 1900 Sherrington (86) described refle.xes related

to sexual activity in spinal dogs. Around the turn of

the century Steinach (89) stres.sed the dependence of

sexual behavior on the stimulating action of gonadal

internal secretions on the nervous system.

During the first half of the twentieth century a few

investigators should be cited for the considerable in-

fluence of their research on the field of reproductive

behavior. Marshall (64) emphasized the importance

of exteroceptive factors such as light and temperature

on sexual periodicity. From the 1920's Stone (90) ob-

served that rabbits and rats with large cortical

lesions remained sexually potent and active. Bard

(5, 6) has made a careful study of the sexual capacities

of cats with well delineated lesions in various cortical.

1:225
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subcortical and spinal regions. The effects of genetic

background and psychological determinants as well

as hormonal influences on quantitati\e differences in

mating behavior have been the province of Young (97,

98). Beach (10-13) has studied the effects of castration

and replacement therapy and has analyzed the results

of cortical lesions placed at various developmental

periods in the brains of several mammalian forms.

Purportedly quantitative reports on human sexual

activities have been presented by Kinsey (51, 52).

METHODS OF .ASSESSING SEX DRIVE

Stone (90) has defined sex drive as "aroused action

tendencies in animals to respond to objects of their

external environments that, in some measure, lead

to the satisfaction or alleviation of dominant physio-

logical 'urges' associated with reproduction." The

relative merits of modern techniques for assessing this

abstract force in quantitati\'e terms ha\-e recently

been reviewed by Beach (13), Richter (73) and Young

(98).

Earlv in the 1920's a striking correlation between

the periods of estrus and running activit\- in the female

rat was oljserved by Wang (94) (fig. i). In periods

of anestrus due to pregnancy, pseudopregnancy or

lactation, running activity remained at a minimum.

Ball (4) devised a test of sexual receptivity for

female rats in which their response to manual stimu-

lation was graded on a lo-point scale. She was able

to relate excitability scores with degrees of responsive-

ness to the male rat, with changes in the vaginal

mucosa, and with onset, duration and termination of
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induce still further improved performance, indicating

a species difiference {35).

As compared with the slow gradual loss of sex

behavior in male animals on castration, the loss of

receptivity and estrous cycles on ovariectomy in fe-

males is immediate and practically complete. Of the

common laboratory animals only the female rabbit

will occasionally remain receptive after castration

(45). The wide variety of female copulatory behavior

patterns in the common domestic and laboratory

species has been described by Young (97). Typically,

the female depresses her back and raises her pelvis in

a lordosis response and, after intromission, remains

quiescent as in the rabbit or undergoes a more or less

violent rolling, rubbing, squirming after-reaction as

seen in the cat.

Many ovariectomized forms, including the dog, cat

and rabbit, can be restored to a state of practically

complete estrus with estrogen alone. Even in these

forms the degree of heat may be temporarily elevated

still further with progesterone. Rats, mice, guinea pigs

and hamsters ordinarily require progesterone follow-

ing estrogen priming to induce a recepti\'e state (21).

In the hamster the combination is needed to subdue

the female's aggressiveness as well as to promote

estrus (53). The period of estrus induced by the

combination of steroids is limited to a few hours after

which the animal is decidedly nonreceptive and, in

the case of the hamster, very aggressive. This anestrous

phase following progestrone treatment has been em-

phasized to the extent that some authors have disre-

garded the earlier estrous phase.

Among the lower forms such as the rat, guinea pig

and rabbit, each sex has the inherent capacity for

performing the copulatory pattern of the opposite

.sex (10, 35, 97). The female rat may show mounting

behavior at any time during the estrus cycle or even

after ovariectomy, whereas the female guinea pig and

rabbit reveal male behavior only at the height of

natural or estrogen-progesterone induced heat. Simi-

larly, a male rat on an o\erdosage of testosterone

may show the female pattern. With threshold hor-

monal complements, intrinsic or exogenous, each sex

appears to prefer its own behavior pattern; with

superthreshold levels it is prone to perform the pattern

of the opposite sex, especialK in the presence of indi-

viduals of its own sex.

Further evidence of the nonspecificity of sex hor-

mones comes from experiments in which castrate fe-

males have been treated with testosterone and castrate

males with estrogen. Whereas in the prepuberal state

each hormone does tend to induce tlie iiehavior char-

acteristic of its sex regardless of whether the recipient

is male or female, adult castrates usually regain their

sex-specific behavior pattern whether treated with

estrogen or testosterone (10, 41 ). In the ovariectomized

rabbit Klein (55) reports that testosterone pellets

maintain a highly estrous condition indefinitely. Such

treatment leads to an aggressive attitude towards

other females (Kawakami & Sawyer, unpublished

observations), thus differing from natural or estrogen-

induced heat.

Complete mating behavior patterns do not ap-

pear to be innate in any of the common laboratory

species with the po.ssible exception of the rat (98).

Guinea pigs, dogs, monkeys and chimpanzees reared

in isolation all showed some deficiency in mating as

compared with controls of equal age brought up in

association with other members of the same species.

Male animals of many species adopt a territory in

which they will mate readily and out of which they

show extreme reluctance to copulate. In the labora-

tory this is especially true of cats (41) of which more

will be discussed below.

Beach (13) has recently proposed that mating be-

havior in the male rat consists of two principal

processes: an arousal mechanism, and an intromission

and ejaculatory mechanism. Electrocon\ulsive shock

inhibits the arousal mechanism but facilitates the

ejaculatory process (35).

The hormonal requirements or accompaniments of

maternal behavior have been studied extensively in

rats (II, 96). Such activities as nest building, retriev-

ing and cuddling newborn young are dominant during

late pregnancy and lactation. Rats at this stage may
'mother' an adult mouse (49). Estrogen appears to

inhibit maternal responses (44) even in dosages too

small to interrupt lactation (95). Anterior pituitary

extracts were found to induce adult virgin rats to re-

trieve newborn young (96). Riddle et al. (74) showed

that an appropriately timed injection of prolactin

would evoke maternal liehavioral activities in a

high percentage of their \irgin female rats.

NEUR.\L MECHANISMS .^iND CENTERS AS REVEALED

BY LESION EXPERIMENTS

As in other types of behavior patterns, rcproducii\c

behavior involves afferent, central and effector mecha-

nisms. Various components of the patterns of the two

sexes have been ascribed to different functional levels

within the central nervous system, and considerable

research has been aimed at locating; the sites of 'sex
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centers' within the brain and spinal cord. A 'center,'

as the term will be employed here, is a locus of inte-

gration of the component activities of a total pattern.

Destruction of the center may leave individual com-

ponents or lesser complexes of the pattern intact. The
center may be influenced by afferent or humoral

mechanisms or both from the periphery or by projec-

tions from higher levels but is capable of basic

independent activity after extirpation of higher con-

trols. The principal "sex center' would be the critical

area influenced by sex hormones to evoke patterns

of reproductive behavior, the destruction of which

would eliminate such bcha\ior patterns.

Peripheral and Spinal Meehanisms

It is remarkal)le how relatively unimportant the

afferent impulses from genitalia are in maintaining

sex behavior in lower mammals. Anesthetizing (29a)

or deafferenting the vagina (18) or surgically remov-

ing the vagina and uterus (3) have not prevented

mating in rabbits and rats. Female cats retain

estrous behavior after removal of the sacral region of

the spinal cord or the abdominal sympathetics (5).

Similarly in the male cat Root and Bard (6) have

found that anesthesia of the penis and perineum

through surgical removal of the lower end of the

spinal cord does not diminish sexual aggressi\eness.

In the presence of an estrous female, such a cat de-

velops an erect penis and attempts copulatory mo\e-

ments. The addition of sympathectomy to the cord

injury removes the power of erection but not the at-

tempts to copulate. Beach and his colleagues (12)

have shown that elimination of the penile ijone in the

rat, either surgically or through castration on the day

of birth, interfered with the achievement of copula-

tion but not with attempts to copulate. Their results

reveal that regardless of the influence of hormones

on genitalia a neural site of hormone target action

central to the peripheral sense organs is capable of

maintaining sex drive. Genital sensation may, how-

ever, strengthen the force of the drive.

Spinal male animals of .several species including

the dog and man maintain the capacity of penile erec-

tion and ejaculation on manipulation of the genitalia

(32, 86). In male cats after spinal transection a type

of flexor rigidity reminiscent of mating posture was
described by Dusser de Barenne & Koskoff (26, 27).

Accompanied by erection this reaction was suggestive

of a spinal copulation reflex, but it could hardly qual-

ify as real mating behavior.

Spinal female animals can be impregnated, can

maintain pregnancy and can deliver normal litters,

as first described in the dog by Goltz (36). These ob-

servations, however, are less concerned with be-

havior than with other reproductive phenomena. No
change in spinal reflexes in the female guinea pig

which could be attributed to the injection of estrogen

and progesterone was observed by Dempsey &
Rioch (22). A similar failure to observe reflexes

which could be altered by estrogen was reported by

Bromily and Bard (6) in the spinal cat. These authors

found that reflexes, such as tail deviation on prodding

the perineum, which had been reported in the de-

capitate cat as dependent on estrogen (61), could

also be elicited in the anestrous female and even

in the male cat. It appears that the partial behavioral

pattern is present in the spinal cord of either sex, but

its differential hormonal activation requires integra-

tion from higher centers.

Lower Brain-Stem Mechanisms

Sectioning the brain stem in such a way as to leave

the cord, medulla, pons and lower mesencephalon

intact results in 'decerebration.' Among the differ-

ences between the spinal animal and the decerebrate

preparation is the development of rigidity in the

latter, and this rigidity might interfere nonspecifically

in reproductive behavior patterns. Dempsey & Rioch

(22) could find no evidence of estrous behavior in

decerebrate female guinea pigs; Maes (61) attributed

their failure to observe sexual reflexes, such as tread-

ing and elevating the pelvis, to the decerebrate

extensor rigidity which they all displayed. However,

in decerebrate female cats Bromily and Bard (6)

were able to reverse the rigidity and induce a crouch-

ing posture by stimulating the vagina with a gla.ss

rod. This component of the female cat pattern could

not be duplicated in decerebrate bitches, which do

not crouch at mating, nor in male cats; but it was

elicited in anestrous as readily as in estrous cats. The
conditioning influence of estrogen (and progesterone

in the guinea pig) would appear to be exerted at

some level higher than the plane of decerebration.

Neocortical and Rhineneephalic Mechanisms

The cerebral cortex is relatively unimportant in

the maintenance of mating behavior in most female

mammals. Rioch and Bard (5) removed increasingly

larger portions of the cortex in the cat until all of the

neocortex, most of the rhinencephalon, and a large

part of the striatum and thalamus had been de-
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FIG. 3. Effects of partial decortication on scn behavior in

male rats; per cent of animals in each lesion group continuing

to copulate after operation. [From Beach (8).]

stroyed, without eliminating estrous i^ehavior in

response to estrogen. The female rabbit still mates

after removal of the neocortex, the rhinencephalic

cortex, and the distance receptors of olfaction, vision

and audition, the olfactory bulbs, eyes and cochlea,

respectively (i8). Davis (20) found that removal of

the whole neocortex in the rat did not interfere with

estrous cycles, mating, pregnancy or delivery, find-

ings which have been repeatedly confirmed (11).

The cortex is essential for the initiation of mating

behavior in most male mammals. In the rat. Beach

(8) showed that while removal of 20 per cent of the

cortex did not reduce the percentage of males showing

copulatory behavior, no male mated if more than 60

per cent of its cortex had been destroyed (fig. 3).

Similarly, mounting behavior is lost in female rats on

decortication whereas their female patterns of ac-

tivity are retained (9). In these studies the location

of the cortical area removed was considered less im-

portant than the quantity.

In the male rabbit (18, go) the destruction of

neither the neocortex nor the olfactory bulbs alone

prevents courtship and mating activities, but the re-

moval of both olfaction and cortical representation

of somesthetic, auditory and visual sensibility ter-

minates sex behavior.

Beach and his colleagues (35) have recently studied

in great detail the effects of decortication on repro-

ductive behavior in the male cat. In this species, in

contrast to the rat, large cortical lesions do not appear

to depress the animal's interest in the female so much
as they interfere with motor activity related to copu-

lation. Cats with large frontal lesions would attempt

to copulate Ijut would fail to uain intromission in most

cases.

The results of decortication experiments reveal

that the loss of cortical sensory and motor areas

affects male sex behavior patterns more acutely than

it does the female activities. In each case the actual

execution of mating behavior appears to be controlled

by subcortical mechanisms.

A type of rhinencephalic control over sexual be-

havior, especially in the male, has recently been re-

ported by several investigators. Hypersexuality in the

male monkey as a result of removal of the temporal

lobes was described by Kliiver and Bucy in 1939 (56).

Schreiner & Kling induced hypersexuality in the cat,

agouti, monkey and lynx by removal of the amygdala

and the overlying piriform cortex and demonstrated

its dependence on the male sex hormone (82-84).

Similar changes have been reported in man (76, 91).

Green rt al. (41) have made a careful study of

experimental hypersexuality in the cat, observing the

effects of small electrolytic and surgical lesions in the

amygdala, hippocampus, piriform cortex and stria

terminalis. They were unable to produce hypersex-

uality by destruction of the amygdala alone; but

small lesions in the piriform corte.x, restricted to an

area just medial to the rhinal fissure and beneath the

basolateral amygdaloid nucleus, induced hypersexual

changes without damage to the amygdala (fig. 4).

The cats with such lesions were active and alert and

would mate in a strange territory, a procedure not

commonly practiced by apparently hypersexual cats

without lesions. Castration slowly reduced the hyper-

sexuality, but it could be restored with either androgen

or estrogen.

Hypersexuality was not observed in female cats

with amygdala-piriform-cortex lesions by Schreiner &
Kling (82-84) or Green ei al. (41). Gastaut (33) de-

scribed estrous activity in cats with rhinencephalic

lesions in which the reproductive tract appeared

anestrous. Female rabbits with lesions in the septum,
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fornix or amygdala-piriform-cortex appeared to mate

normally, but not in a hypersexual manner, and to

ovulate in response to such mating (78).

Diencephalic and Hypothalamic Mechanisms

The mechanisms discussed above have pointed to

the diencephalon as the site of 'higher centers' with

reference to the cord and lower brain stem, and 'sub-

cortical centers' with reference to the cerebrum. Since

integrated estrous behavior can be evoked in the

absence of the cereisrum but not in animals with brain-

stem transection below the midbrain, the highest es-

sential center for estrous behavior would appear to

lie between the rostral midbrain and the preoptic

region.

Large thalamic lesions in connection with cerebral

damage did not eliminate sexual behavior in the fe-

male cat (5). Dempsey and Morison [discussed in

Beach (12)] removed the thalamus bilaterally in cats

that later mated, maintained pregnancy and deiixcred

young but failed to care properly for them. Large

thalamic lesions did not prevent mating or ovulation

in the rabbit, according to Sawyer (unpublished ob-

servations).

Among the earlier hypothalmic lesions with a bear-

ing on the problem were those of Ranson (71) who
reported that female cats with tuberal lesions behind

the infundiinilum mated and gave birtii to litters.

Later work in Ranson's laboratory (31) showed that

female cats with lesions in the anterior hypothalamus

around the supraoptic nuclei did not mate. This was

confirmed by Dey el al. (23), and Brookliart el al.

(16, 17) showed that estrogen treatment would not

induce receptivity in guinea pigs with anterior hypo-

thalamic lesions. Maes (62) demonstrated that in es-

trogen-treated female cats the pituitary gland was un-

necessary for apparently complete mating behavior.

An observation of considerable influence was made
in 1939; Dempsey & Rioch reported (22) that brain-

stem transection rostral to the mammillary bodies

was consistent with mating while similar section be-

hind the mammillary bodies resulted in anestrus.

Actually the definite results were obtained with one

guinea pig and one cat. In the light of these findings

Bard (6) interpreted the hypothalamic lesions of

Magoun and Bard as indicating that the highest cen-

ter of sex behavior in the cat lay in the rostral mesen-

cephalon. However, as indicated below, the evidence

of Magoun and Bard is consistent with the presence

of a sex center in the anterior hypothalamus.

Sawyer & Robison (81) have recently found in

FIG. 4. Base of the cat brain showing the area in piriform

cortex [solid black) in which lesions most consistently induced

hypersexuality in males. [From Green et al. (41).]

female cats that anterior hypothalamic lesions rostral

to the ventromedial nuclei and either medial to or

within the area of the medial forebrain bundle result

in permanent anestrus in 1 1 out of 14 cases in spite of

treatment with exogenous estrogen. Such lesions do

not interfere with tlie trophic influence of the hypo-

physis on the ovary, and ovulation can be induced by

direct electrical stimulation of the ventromedial

nucleus. Lesions in the ventromedial nucleus, the

premammillary region or tho.se entirely destroying

the mammillary body result in anestrus due to ovarian

atrophy from pituitary hypofunction. However, if

such cats are supplied with exogenous estrogen, they

show all the usual behavioral responses of mating

and after-reaction. Typical lesions are illustrated in

figure 5. The results confirm the findings of Ranson's

laboratory and do not support the work of Dempsey &
Rioch (22) in the cat. Bard's (6) figures reveal de-

struction of the anterior region in a cat which would

not mate and the sparing of this region in a lesion-

bearing cat that subsequenty became receptive on

estrogen treatment.
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FIG. 5. A, B. Anterior hypothalamic lesions which induced permanent anestrus in the female

cat in spite of treatments with exogenous estrogen. C. Ventromedial lesions which induced ovarian

atrophy but did not abolish mating behavior if exogenous estrogen was supplied. D. Mammillary

lesions with same effect as in C. E. Midsagittal reconstruction showing anterior-posterior extent

of lesions A to D. [From Sawyer & Robison, unpublished observations.]

Interestingly enough the female rabbit does appear

to have an hypothalamic mating center (78, 79) in

the region proposed by Dempsey and Rioch for the

guinea pig and cat. Small bilateral lesions in the mam-
millary region induced permanent anestrus which

could not be reversed with exogenous estrogen. The

ovaries remained in good trophic condition, and they

could be ovulated by artificial activation of the

hypophysis. On the other hand, rabbits with ventral

tuberal lesions involving the arcuate and base of the

ventromedial nuclei mated but failed to ovulate.

Some of the latter cases revealed ovanan atrophy,

and they required exogenous estrogen to stimulate

receptivity (fig. 6). These experiments do not exclude

the possibility of anterior hypothalamic involvement

in mating beha\ior in the rabbit; animals with an-

terior lesions did not survive long enough to be tested

for the mating response. In both the rabbit and the

cat it is apparent that the common basal tuberal area

which controls the release of pituitary ovulatory

hormone is not a center of influence on mating be-

havior but that a behavioral center exists rostral to this

region in the cat and caudal to it in the rabbit.

A similar duality of gonadotrophic and sex ije-

havioral centers in the male has recently lieen re-

ported for the rat by Rogers [quoted by Goldstein

(35)]. Premammillary lesions reduced mating be-

havior but it could be restored with gonadal honnones.

Rats with "tuberal lesions' showed a behavioral loss

which could not be reversed with androgen. These
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FIG. 6. Sites of hypothalamic lesions in the female rabbit brain. Mammillary lesions at

6 [stippled] abolished mating behavior in spite of therapy with e.xogenous estrogen but did not in-

duce ovarian atrophy. Tuberal lesions at A (solid black) blocked copulation-induced ovulation or

led to ovarian atrophy but did not diminish receptivity if extrinsic estrogen was supplied. [From
Sawyer (79).]

latter sites of local damage perhaps correspond to the

anterior hxpothalamic lesions of Brookhart & Dey

(15) which irreversibly eliminated sex behavior in the

male guinea pig without damaging the testes.

Sexual precocity of cerebral origin may result from

lesions such as tumors originating within the hypo-

thalamus or damaging hypothalamic areas from

above, as in the case of pinealomas (7). Accelerated

sexual development through increased gonadotrophic

secretion may not he accompanied by precocious

sexual behavior, a further indication that gonado-

trophic and sex behavioral centers are not identical.

Hillarp et al. (48) have described preoptic lesions in

rats of either sex which temporarily stimulate compul-

sive male mating behavior. Harris and his colleagues

have suggested that the anterior hypothalamus in

ferrets and rats contains a center inhibitory to the

release of pituitary follicle stimulating hormone (24,

25, 46). Lesions in this area accelerate the onset of

seasonal estrus in mature ferrets and the opening of the

vaginal orifice in young rats.

Effects of Nerve Lesions on Maternnl Behavior

No systematic studies have been made of the

effects of nervous lesions on maternal behavior except

in the rat. Female rats rendered anosmic and deaf bv

Wiesner & Sheard (96) still built nests and retrie\ed

young. More recently Beach & Jaynes (14) have

shown that rat maternal behavioral responses sursive

enucleation of the eyes, reinoval of the olfactory bulbs

or destruction of sensory nerv-es to the snout. Re-

moval of all three afferent pathways, howe\er, com-
pletely inhibited maternal care of the young, and the

combined destruction of any two sensory routes

seriously interfered with maternal behavior.

In 1937 Beach (11) reported that removal of more
than 30 per cent of the cerebral cortex delays nest

building in the pregnant rat and subsequently de-

creases its ability to retrieve and care for its litter.

Stone (90) and Davis {20) confirmed the finding that

large cortical lesions interfered with maternal be-

havioral performance. All of these investigators

stressed the relationship between the size of the lesion
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and debility rather than the importance of the loca-

tion of the lesion. More recently Stamm (88) has re-

ported that relatively small lesions, involving only

about 1 6 per cent of the cortex, located medially

in the cingulate and retrosplenial cortex, interfere

very seriously with litter survi\al, nest building and

repair, retrieving young, and removing them from ex-

cessive heat. Similarly sized lateral lesions were with-

out apparent effect. Electrocon\ulsive shock treat-

ment from the i2th day of pregnancv to parturition

in rats obliterates nest-ijuildina; bcha\'ior and care of

the litter {75).

In its dependence on the cortex, female maternal

beha\ior more closely resembles male mating be-

havior than female psychic estrus. Female mating

behavior depends less on initiative and distance re-

ceptors than on proprioception, tactile seitsaiion and

an elevated hormone titer. The reverse is true in ma-

ternal behavior, maze learning and male reproductive

activities.

NEUR.\L MECH.ANISMS .AND CENTERS .AS REVE-ALED BY

STIMUL.ATION .AND RECORDING EXPERIMENTS

Peripheral Mechanisms

Although only a minimum of afferent innervation

appears to be necessary to maintain reproductive be-

havior, especially in female animals, the influence of

sex hormones on receptors must be considered as, at

least, auxiliary mechanisms in sex drive.

Beach (12) and Holz have shown that castration in

male rats on the first day of life leads to the dexelop-

ment of a penis too short to permit normal repro-

ductive behavior on subsequent treatment with testos-

terone. Castration in the adult rat results in a penis

with a reduced number of genital papillae, making it

a less sensitive tactile organ (12).

Campbell el al. (19, 54) have studied the receptors

and afferent nerves in the penis and clitoris of cats,

cattle and sheep by anatomical and electrophysio-

logical methods. They propose, as an hypothesis, that

altered sensitivity during tumescence of the genitalia

is modulated by an effect of the deep encapsulated

end organs on the fine nerve fibers emerging from

them.

Partial patterns of sexual beha\ior in estrous female

animals can be evoked by grasping the neck or back

and prodding the perineum with a glass rod. As men-

tioned above, responsiveness to such treatment has

been made the basis of quantitating female sex drive

in rats by Ball (4). Artificial stimulation of the vagina

induces a species-specific after-reaction which is fol-

lowed by ovulation in the cat (42) or the estrogen-

treated rabbit (77; see also below).

There is evidence that olfactory sensibility plays a

unique role in .sexual behavior. Le Magnen (57) has

reported that, correlated with estrogen and androgen

titers in rat and man, there are marked alterations in

the subject's ability to detect odors of synthetic musk
and urinary steroids. These "olfactosexual' phenomena
appear to be of more importance in the lower mammal
(57)-

Hypollialamic Mechanisms

The diencephalon contains centers in which direct

electrical stimulation leads to behavioral responses

ranging from sleep to rage (47). Stimulation of

hypothalamic areas evokes a wide variety of autonomic

responses invoking smooth mu.scle, glands and heart

{72). These effector organs are so intimately involved

in emotional states that the hypothalamus has long

been considered a center of emotional expression.

Hypothalamic activation of the release of pituitary

gonadotrophin, considered in detail in Chapter

XXXIX by Harris in this Handbook, is facilitated by

sex steroids of the same order of dosage as that which

e\okes mating behavior. This facilitation, bv estro-

gen, of the release of pituitary oxulating honnone in

response to direct electrical stimulation of the hy-

pothalamus implies a hypothalamic or a hypophyseal

site of estrogen action.

Among the lines of evidence implicating the hypo-

thalamus in mating behavior is the recording of

electroencephalographic (EEC) acti\ity from hypo-

thalamic sites during and after real or simulated

copulation activity. In the estrous cat, as mentioned

above, vaginal stimulation is followed by a dramatic

behavioral after-reaction, lasting several minutes.

Temporally related to this after-reaction are the EEG
changes, illustrated in figtire 7, bursts of high ampli-

tude activity localized in the anterior lateral hy-

pothalamus in and around the medial forebrain

bundle i)ut never in the posterior hypothalamus

(6g). These changes were observed only in estrotts

or estrogen-primed cats. If the after-reaction repre-

sents a behavioral expression of orgasm in the cat,

the changes may signify EEG concomitants of this

phenomenon; iiut orgasm is difficult to assess in

animals (6).

In unanesthetized, unrestrained female rabbits

with clironically implanted electrodes. Green (38)
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FIG. 7. Selected EEG tracings during vaginal stimulation (.-1) and 'after-reaction" {B, D) which

lasted 3.3 min. in an estrous cat. Dramatic changes are seen in lateral hypothalamic (HL) and
medial forebrain bundle (MFB) channels. C and E are, respectively, a sagittal reconstruction and
two cross-sections of the cat brain stem showing areas from which altered electrical activity was

recorded {solid triangles) and areas failing to show these changes (stippled circles). [Adapted from

Porter et at. (69).]
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FIG. 8. EEG tracings during

and after vaginal stimulation in

an estrogen-treated estrous rab-

bit. The 'after-reaction' includes

a sleep-like phase which here

lasted 7 min., and a phase of

'pseudo-arousal' characterized by

high amplitude slow waves

(theta rhythm) in limbic cortical

and hippocampal channels. Ab-

breviations: FC, LC, frontal

and limbic cortex; OB, olfactory

bulb; PO, preoptic area; LHA,

lateral hypothalamic area; VHPC
and DHPC, ventral and dorsal

hippocampus; EKG, electro-

cardiogram. [From Sawyer &
Kawakami, unpul^lishcd olxser-

vations.l
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STIM
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has reported heightened EEG acthity in tlie anterior

hypothalamus during courtsliip and mating pro-

cedures. In similarly prepared rabbits, Kawakami

and Sawyer have recently observed a generalized

EEG 'after-reaction' which includes several minutes

of a sleep-like record followed by an unusually

aroused pattern. We have suggested that the latter is

'pseudo-arousal' since the rabbit remains quiescent

while an extreme degree of EEG arousal is being

registered. The response can also be evoked by

vaginal stimulation in the estrogen-primed or estrogen-

progesterone-treated rabbit (fig. 8). More interest-

ingly, from the viewpoint of hypothalamic function,

the 'after-reaction' EEG sequence can be initiated by

low-frequency electrical stimulation, applied directly

to the ventromedial region of the hypothalamus.

Thresholds of this reaction will be mentioned below.

Further evidence for central sites of sex hormone

action on behavior comes from the results of injecting

hormone preparations directly into the cerebral

ventricles or the brain tissue itself Kent & Liberman

(50) were able to induce psychic estrus in the castrate

estrogen-primed hamster by injecting into the lateral

ventricles of the brain a dose of progesterone too

small to be effective via the systemic route. Harris

(45) attempted to produce tnating beha\ior in

ovariectomized rabbits bv injecting small amounts of

stilbestrol into the hypothalamus—only to find that

some of his untreated controls would mate without

estrogen. He has more recently repeated this experi-

ment with the female cat, and he reports that hy-

pothalamically injected estrogen in doses too small to

affect the uterus does indeed evoke psychic estrus

(46). Fisher (30) reported the induction of sexual and

maternal behavioral patterns in male rats by the in-

jection of testosterone into the preoptic region.

An avenue of approach to the cerebral localization

of sex drive is the self-stimulation technique of Olds &
Milner (66). Rats with electrodes implanted in \ari-

ous regions of the brain are permitted to stimulate

themselves ad libitum by pressing a bar in a Skinner

box. Many areas are positively reinforcing; the elec-

trical stimulus 'reward' activates repeated bar press-

ing at a rate dependent on the region and the strength
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of the stimulus. Olds & Critchlow (personal communi-

cation) have recently found that the stimulus from

certain electrodes, presumably hypothalamic, in cas-

trate male rats is positively reinforcing only when
exogenous testosterone is supplied. An excess of tes-

tosterone is inhibitory; but as the hormone level falls

to within physiological limits, the bar pressing is re-

sumed. An inverse relationship was obserxed between

the responses to androgen and to hunger, implying

differential centers for these two fundamental drives.

Rhinemcplialw anil Rituiilm Mechanisms

The rhincncephalon or limbic system has been

associated with emotion ever since Papez proposed

his now famous circuit in 1937. Papez (67) suggested

that the circuitous sequence, involving the hippo-

campus, fornix, mammillarv Ijody, anterior thalamic

nucleus, cingulate cortex and entorhinal cortex back

to the hippocampus, was more likely associated with

emotion than with olfaction. Gastaut (33) and Pri-

bram & Kruger (70) have reviewed and clarified the

interrelations of the limbic system, including the

amygdala, septum and frontotemporal cortex. Gloor

(34) and Green & Adey (39) have studied the de-

tailed neuronal organization by electrophysiological

methods. Green & Arduini (40), MacLean {60) and

Adey et at. (1,2) have stressed functional connections

between the limbic lobe and the ascending reticular

activating center (63). According to Green & Arduini

(40), afferent connections to the hippocampus include

pathways from the reticular actixating svstem, hy-

pothalamus, preoptic region and septum while Adey
et al. (i, 2) present e\'idence of reverse connections:

fornix—hippocampus—entorhinal cortex—septum

—

stria medullaris—midbrain tegmentum. (See also

Chapters LV, LVI and LVIII by Kaada, Green and

Gloor in this Handbook which deal with these cortical

areas.) Lindsley (58, 59) has suggested that the ener-

gizing aspects of emotion, motivation and drive mav
be supplied via the reticular activating system. From
these anatomical and functional connections and inter-

relationships, the limbic and activating systems are in

excellent positions to exert a collaborative influence on

sexual behavior.

A dramatic demonstration of a rhinencephalic in-

fluence on a type of sexual behavior has been re-

ported by MacLean (60). Local seizures in the cortex

above the posterior cingulate gyrus in the male cat,

induced by local chemical or electrical stimulation,

were accompanied by penile erections and secretion.

A similar tendency toward penile erection was evoked

by electrical stimulation of the superior hippocampus
in the rat. von Bechterew (93) may have stimulated

one of these areas in his dog experiments in which

electrical stimulation of the cortex produced erection

and ejaculation.

Many locations within the rhincncephalon and

midbrain have been found by Olds (65) to be posi-

tively reinforcing in the self-stimulation experiments

described above. In these experiments the depend-

ence of the rewarding nature of the stimulus on the

intactncss of the hypotlialamus and upon hormone
le\els has yet to be ascertained.

Several studies have been made of the effects of

hormones on the electroencephalograms (EEG) of

rabbits and other species by Faure et al. (28, 29). These

authors report differential changes in the EEG's of

various rhinencephalic and hypothalamic loci within

minutes after intramu.scular injections of large doses

of sex and adrenal steroids and placental gonado-

trophins. The EEG changes occur .so rapidly as to

make one suspect nonspecific effects, and the records

have not been correlated directly with reproductive

behavior. However, further work with chronically

implanted electrodes may prove these localized al-

terations in spontaneous electrical activity to be sig-

nificant.

Within the first few hours after subcutaneous treat-

ment with progesterone, the estrogen-primed rabbit

is highly estrous in its mating behavior. During this

period (fig. 9) Kawakami and Sawyer have found

that its threshold of EEG arousal on direct electrical

stimulation of the midbrain reticular formation is

much redviced from its preprogesterone threshold (80).

Vaginal stimulation or low-frequency stimulation of

the ventromedial Inpothalamus induces the EEG
'after-reaction' mentioned above, consisting of a

sleep-like record followed by 'pseudo-arousal'

—

the latter is characterized by high amplitude

theta or faster activitv, especially in rhinencephalic

leads: amygdala, hippocampus and limbic cortex

(fig. 8). Twenty-four hours after progesterone treat-

ment, the rabbit is usually anestrous. Its threshold of

EEG arousal is markedly elevated (fig. 9) and vaginal

or hypothalamic stimulation is not followed by the

typical estrous EEG after-reaction. Hypothalamic

stimulation, at higher voltage, may induce sleep

spindles but not ordinarily the complete reaction with

'pseudo-arousal.' Estrus reappears with a return

of the EEG arousal threshold to preprogesterone

levels.
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FIG. 9. Effects of progesterone on thresholds in an unanesthetized estrogen-primed castrate

female rabbit. RF, reticular formation; VMH, ventromedial region of hypothalamus; "after-reac-

tion,' refers to EEG changes such as those seen in fig. 8, after vaginal stimulation. [From Sawyer

(80).]

SUMM.-^RY

Hormones may exert their effects at various levels

within the nervous system to influence reproductive

behavior. In general, subcortical centers appear to be

more important than cortical. No level of integra-

tion below the hypothalamus can inaintain more than

a partial pattern of se.xual behavior in either sex.

Evidence from lesions, direct stimulation, direct appli-

cation of hormones, electrical self-stimulation experi-

ments and electrical recording data implicate the

hypothalamus as a most important center of mating

behavior. It is influenced especially by the rhinen-

cephalon and the reticular activating system. In cer-

tain species the olfactory bulbs play a very important

role, particularly in the male. The cortex, especially

the medial, cingulate or retrosplenial area, appears

to play an essential part in integrating reproductive

activities which require initiative such as male mat-

ing, feinale maternal and maze-learning phenomena.

Female mating behavior does not require the cerebral

cortex in lower mammals, but it is especially de-

pendent on hormone levels. Certain direct effects of

hormone levels on thresholds within the nervous

system have been demonstrated and correlated with

mating behavior in the female rabbit. Neural corre-

lates of behavioral after-reactions in mating ha\-e

been recorded in the rabbit and cat.

REFERENCE.S

1. .\dev, \V. R., N. C. R. Merrillees ?md S. .Sunderl.and.

Brain 79: 414, 1956.

2. Adev, W. R., S. Sunderland and C. \V. Dunlop. Elec-

troencephalog. & Clin. Neurophysiot, 9; 309, 1957.

3. B.^LL, J. J. Comp. (S Physiol, Psychol. 18: 419, 1934.

4. Ball, J. Comp. Psychol. .Monogr. 14: i, 1937.

5. B.ARD, P. A. Res. .Veri: & Alenl. Dis., Proc. 19: 190, 1939.

6. B.ARD, P. A. Res. Nerv. & Ment. Dis., Proc. 20; 551, 1940.

7. Baiter, H. G. J. Clin. Endocrinol. 14: 13, 1954.

8. Beach, F. .A. J. Comp. Psychol. 29: 193, 1940.



REPRODUCTIVE BEHAVIOR 1239

9. Beach, F. A. J. Comp. Psychol. 36: 169, 1943.

10. Beach, F. A. Hormones and Behavior. New York: Hoeber,

1948.

11. Beach, F. A. In: Handbook of Experunenlal Psychology,

edited by S. S. Stevens. New York: Wiley, 1951, p. 387.

12. Beach, F. A. Ciha Fndn. Colloq. Endocrinol. 3; 209, 1952.

13. Beach, F. A. In: Aebraska Symposium on Motivation, edited

by M. R. Jones. Lincoln: Univ. Nebraska Press, 1956, p. 1.

14. Beach, F. A. and J. Jaynes. Behaviour 10: 104, 1956.

15. Brookhart, J. M. AND F. L. Dey. Am. J. Physiol. 133:

55'. '94'-

16. Brookhart, J. M., F. L. Dey and S. VV. Ranson. Proc.

Soc. Exper. Biol. & Med. 44: 61, 1940.

17. Brookhart,
J.

M., F. L. Dey and S. W. Ranson. En-

docrinology 28: 561, 1 94 1.

18. Brooks, C. M. Am. J. Physiol. 120: 544, 1937.

19. Campbell, B., C. A. Good and R. L. Kitchell. Proc.

Soc. Exper. Biol. & Med. 86: 423, 1954.

20. Davis, C. D. Am. J. Physiol. 127: 374, 1939.

21. Dempsey, E. W. Ciba Fndn. Colloq. Endocrinol. 3: 55, 1952.

22. Dempsey, E. W. and D. McK. Rioch. J. .Nemophysiol. 2:

9. '939-

23. Dey, F. L., C. Fisher, C. M. Berry .and S. W. Ranson.

Am. J. Physiol. 129: 39, 1940.

24. Donovan, B. T. and J. J. van der VVerff ten Bosch.

J. Physiol. 132: 57P, 1956.

25. Donovan, B. T. and J. J. v.an der VVerff ten Bosch.

Nature, London 178: 745, 1956.

26. Dusser De Barenne, J. G. and Y. D. Koskoff. Am. J.

Physiol. 102: 75, 1932.

27. Dusser De Barenne, J. G. and Y. D. Koskoff. Am. J.

Physiol. 107: 441, 1934.

28. F.AURE, J. J. physiol., Paris 48: 529, 1956.

29. Faure, J. and J. Gruner. Rev. neurnl. 94: 161, 1956.

2ga.FEE, A. R. and A. S. Parkes. J. Physiol. 70: 385, 1930.

30. Fisher, A. E. Science 124: 228, 1956.

31. Fisher, C, H. W. Magoun and S. W. Ranson. Am. J.

Ohst. & Gynec. 36: i, 1938.

32. Fulton, J. F. A. Res. Nerv. & Ment. Dis., Proc. 19: 219,

'939-

33. Gastaut, H. J. physiol., Paris 44: 431, 1952.

34. Gloor, p. Electroencephalog. & Clin. .Neurophysiol. 7 : 223,

243. "955-

35. Goldstein, A. C. In : Hormones, Brain Function and Be-

havior, edited by H. Hoagland. New York: Acad. Press,

1957. P- 99-

36. Goltz, F. Arch. ges. Physiol. 9: 552, 1874.

37. Goltz, F. Arch. ges. Physiol. 51 : 570, 1892.

38. Green, J. D. Anat. Rec. 1 18: 304, 1954.

39. Green, J. D. and W. R. Adey. Electroencephalog. & Clin.

Neurophysiol. 8: 245, 1956.

40. Green, J. D. and A. A. Arduini. J. .Neurophysiol. 17:

533. 1954-

41. Green, J. D., C. D. Clemente and J. de Groot. J. Comp.

Neurol. 108: 505, 1957.

42. Greulich, W. W. Anat. Rec. 58: 217, 1934.

43. Grunt, J. A. and VV. C. Young. Endocrinology 51: 237,

1952-

44. Hain, a. M. Quart. J. Exper. Physiol. 25 : 303, 1 935.

45. Harris, G. W. Neural Control of the Pituitary Gland. London

:

.-Arnold, 1955.

46. Harris, G. W. In: Reticular Formation of the Brain, edited by

H. H. Jasper, L. D. Proctor, R. S. Knighton, W. C.

Noshay and R. T. Costello. Boston: Little, 1958.

47. Hess, VV. R. Das ^wischenhirn. Basel: Schwabe, 1949.

48. Hillarp, N.-A., H. Olivecrona and W. Silfverskiold.

Expenentia 10: 224, 1954.

49. K.\rli, p. C. Second Conference on Gestation. New York:

Macy, 1955, p. 94.

50. Kent, G. C.,Jr., and M. J. Liberman. Endocrinology 45:

29. '949-

51. Kinsey, a. C, VV. B. Pomeroy and C. E. Martin. Sexual

Behavior in the Human .Male. Philadelphia: Saunders, 1948.

52. Kinsey, A. C, VV. B. Pomeroy, C. E. Martin and P. H.

Gebhard. Sexual Behavior in the Human Female. Philadelphia

:

Saunders, 1953.

53. Kislak, J. VV. and F. .\. Beach. Endocrinology 56: 684,

'955-

54. Kitchell, R. L., B. Campbell, T. \. Quilliam and L.

L. Larson. In: Proceedings Book, Am. Vet. Med. Ass. 1955,

p. 177.

55. Klein, M. Ciba Fndn. Colloq. Endocrinol. 3: 323, 1952.

56. Kluver, H. J. -Lancet 72: 567, 1952.

57. Le Magnen, J. Arch. sc. physiol. 6: 125, 295, 1952.

58. LiNDSLE'i', D. B. In : Handbook of Experimental Psychology,

edited by S. S. Stevens. New York: Wiley, 1951, p. 473.

59. LiNDSLEY, D. B. Ann. Rev. Psychol. 7: 323, 1956.

60. MacLean, p. D. Psyckosom. Med. 17: 355, 1955.

61. Maes, J. P. Nature, London 144: 598, 1939.

62. Maes, J. P. Compt. rend. Soc. de bid. 133: 92, 1940.

63. Magoun, H. W. .4. Res. Nerv. & Ment. Dis., Proc. 30:

480, 1952.

64. Marshall, F. H. A. Phil. Trans. B 226: 423, 1936.

65. Olds, J. In: .Nebraska Symposium on Motivation, edited by

M. R. Jones. Lincoln: Univ. Nebraska Press, 1956.

66. Olds, J. and P. Milner. J. Comp. & Physiol. Psychol. 47:

419. '954-

67. Papez, J. W. A.M. A. Arch. .Neurol. & Psychial. 38: 725, 1937.

69. Porter, R. VV., E. B. Cavanaugh, B. V. Critchlow
and C. H. .Sawyer. Am. J. Physiol. 189: 145, 1957.

70. Pribram, K. H. and L. Kruger. Ann. .New York .lead.

Sc. 58: 109, 1954.

7 1 . Ranson, S. VV. 7>. & Stud. Coll. Physicians, Philadelphia

2: 222, 1934.

72. R.\nson, S. VV. and H. W. M.agoun. Ergebn. Physiol. 41:

56, 1939-

73. Richter, C. P. Second Conference on Gestation. New York:

Macy, 1955, p. II.

74. Riddle, O., E. L. Lahr .\nd R. W. Bates. Proc. Soc. Exper.

Biol. & Med. 32: 730, 1935.

75. RosvoLD, H. E., J. Comp. & Physiol. Psychol. 42: 118,

207, 1949.

76. Savva, M., U. Yukiharu, .\. Masaya and H. Toshio.

Folia psychial. neurol. Japonica 7 : 309, 1 954.

77. Sawyer, C. H. Anat. Rec. 103: 502, 1949.

78. Sawyer, C. H. Anat. Rec. 124: 358, 1956.

79. Sawyer, C. H. In: Physiological Triggers, edited by T. H.

Bullock. Washington; Am. Physiol. Soc, 1957, p. 164.

80. Sawyer, C. H. In: Reticular Formation of the Brain, edited

by H. H. Jasper, L. O. Proctor, R. S. Knighton, VV. C.

Noshay and R. T. Costello. Boston: Little, 1958.

81. Sawyer, C. H. and B. Robison. J. Clm. Endocrinol. 16:

9 '4. 1956.



[240 HANDBOOK OF PIIVSIOLOOV NEUROPHYSIOLOGY II

82. ScHREiNER, L. AND A. Kling. J. .Vcurofi/iysiol. 16: 643,

1953-

83. ScHREINER, L. AND A. Kling. A. MA. Arch. .Neurol. &
Psychiat. 72: 180, 1954.

84. Schreiner, L. and a. Kling. Am. J. Physiol. 184; 486,

1956-

85. Schwartz, M. J. (^vmp. & Phy.fiol. Psychol. 49: 328, 1956.

86. Sherrington, C. S. In : Text-book of Physiology, edited by

E. A. Schafer. Edinburgh & London: Pentland, 1900,

vol. 2, p. 782.

87. Spurzheim, J. G. The Physiognomical .Sy^lcni of Drs. Gall

and Spurzheim. London: Baldwin, Craddock and Joy, 1815.

88. Stamm, J. S. J. Comp. & Physiol. Psychol. 48: 347, 1955.

89. SteinACH, E. ^enlralhl. Physiol. 24: 540, 1910.

90. .Stone, C. P. In: Se.f and Internal Secretions, edited by E.

.\llen. Baltimore: Williams & Wilkins, 1939, p. 12 13.

91. Terzian, H. and G. Dalle Ore. Neurology 5: 373, 1955.

92. Tinbergen, N. The Study of Instinct. Oxford: Oxford, 1951.

93. VON Bechterew, VV. Die Functionen der .\ervencentra. Jena:

Fischer, 1908, vol. 3.

94. Wang, G. H. Comp. Pswiiol. Monogr. 2: No. 6, 1923.

95. Weichert, C. K. .and S. Kerrigan. Endocrinology 30:

741, 1942.

96. Wiesner, B. p. .\nd N. M. Sheard. Maternal Behavior in

the Rat. Edinburgh: Oliver, 1933.

97. Young, W. C. Qiiart. Rev. Biol. 16: 135, 311, 1941.

98. Young, W. C. In: Hormones, Brain Function and Behavior

edited by H. Hoagland. New York: Acad. Press, 1957, p 75



CHAPTER L

Central regulatory mechanisms—introduction'

F . BREMER j University of Brussels, Brussels, Belgium

THE PHYSIOLOGIST who IS faccd with the problem of

nervous integration hopes that eventually an illu-

minating synthesis will emerge from the experimental

findings which he accumulates. Aware of the sterility

of vitalistic evasions, he is a mechanist without illu-

sions. By an act of deterministic faith, he accepts the

theoretical possibility that all behavior may be ex-

plained in terms of the physicochemical activities of

the neuronal network, the structure of which, infinitely

complex though it be, appears to be decipherable.

Indeed the functioning of the bulbospinal segments

of the vertebrate neuraxis is sufficiently regular to

permit its description in terms of the dynamic factors

brought to light by Sherrington and his school. The

bodily movements resulting from the processes oc-

curring in the integrating centers of the brain stem

and even of the projection areas of the cortex can be

interpreted as resulting from the activity of an input-

output system. The presence of motor projections in

many cortical areas, which until recently were con-

sidered to be exclusively sensory, provides anatomical

evidence for the fundamental homology between

cerebral mechanisms on the one hand and the reflex

mechanisms of the lower neuraxis on the other. This

homology is further illustrated by the ease with

which reactions of the so-called motor areas can be

evoked by aflTerent influences reaching them directly.

Similarly corticocortical synaptic transmission, at

least that involved in the callosal connections between

cortical areas, notably the auditory areas, of the two

hemispheres, shows a regularity of performance no

less striking than that of elementary spinal reflexes.

These experimental findings appear to justify the

description of the fundamental architecture of the

mammalian central nervous system as a progressive

' The original was translated by Dr. Victor E. Hall.

superimposition upon the segmental reflex arcs of

circuits of increasing complexity, all of which originate

in peripheral sensory mechanisms and end in motor or

secretory efTectors. The relatively unpredictable char-

acter of the processes occurring in the cerebral

neuronal network, according to this view, results only

from the participation of a colossal number of

synaptically connected cells. The infinity of possible

reaction patterns is made possible by the numerical

immensity of the neurons available.

This confidence in the connectionist theory of

central functioning must be tempered by confession

of our ignorance of the nature of the supreme inte-

grating principle whereby partial activities are fu.sed

and coordinated .so as to produce the unity of the in-

dividual and the apparent spontaneity of his behavior.

Nevertheless, we can take the position as Louis

Lapicque did in giving the title The Nervous Machine

to an essay that, with the reservation that such a co-

ordinating principle may operate at the higher levels,

the nervous system may be considered as an assembly

of mechanisms.

A machine is made up of operational parts con-

trolled bv components providing automatic regula-

tion. If we are to look on the nervous system as a

machine, this distinction raises the semantic difficulty

that the entire nervous system can be considered a

regulatory appartus. All its activities tend to restore

a dynamic equilibrium and to maintain its con-

stancy—through its incessant re-establishment. In

the regulatory processes information of extero-, in-

tero- or proprioceptive origin evokes appropriate

corrective responses by increasing some and decreas-

ing other centrifugal impulse streams. The regulatory

circuit may be considered to parallel the sensory and

eflfector innervations and thus to modify their activity.

However, there apparently are also present in the
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nervous system of vertebrates, and doubtless of other

higher metazoans, regulatory processes which de-

serve to be considered as of a second order. A part of

the information which they employ does not stem

directly from the periplicral sense organs. It arises

from the very depths of tlie central gray matter and

gives rise to influences wiiicli in turn affect their own

output sequence. Clearly these closed-circuit regu-

latory activities can, when powerfully activated, pro-

duce effects which are readily apparent in modifica-

tions of posture and movements. However, in general

these effects are so intimately integrated into the

overall ljeha\ior of the animal that it is difficult to

recognize their origins. The impossibility of detecting

the participation of these mechanisms contrasts sharph-

with the seriousness of the disorders resulting from

suppression of their activity. Thus there arises the

diHiculty of defining the precise nature of this regu-

latory function.

The functional connections which have been

demonstrated experimentally between the bulbar re-

spiratorv center, tlic apneustic center and the pneumo-

taxic center in the anterior part of the pons consti-

tute a striking example of ner\ous regulation operat-

ing by means of a closed central circuit. These three

groups of neuron cell bodies, all of which lie in the

brain-stem reticular formation, are almost certainly

linked together functionalK' through an interchange

of impulses, some transmitting information, others

evoking excitation or inhibition regulating the dura-

tion and force of inspiration. This kind of nervous

regulation of respiration, which may be called endog-

enous, is intimately associated with controlling reflexes

but cannot be identified with them. Electrophysio-

logical studies will doubtless exentually demonstrate

the reality of this circulation of regulatory influences

which is so far only a vtif dc resprit.

The hypothesis of thalamocortical reverberating

circuits must be subject to similar reservations. Based

on indirect experimental findings, not all of which

are equally convincing, it still lacks definitive valida-

tion bv direct oscillographic studies. We also need a

clearer understanding of tlie functional significance of

the exchange of information postulated to occur

between the cerebral cortex and the \arious thalamic

nuclei with which it is connected.

Despite the uncertainty in the interpretation of

these concepts, we may assume that the central regu-

latory activity just considered characterizes the func-

tion of the cerebellum, the ascending reticular forma-

tion and its cephalic extension in the thalamus, and

certain cortical and subcortical structures of the

rhinencephalon scnsu lata. This hypothesis has led to

the discussion of these structures, otherwise so di\erse,

in the same part of the present Handbook.

The cereljellum, associated as it is with the great

ascending and descending tracts of the neura.xis and

reciprocally connected with the reticular formation

and the telencephalon, is without doubt the organ

most legitimately to be considered a regulator of

central activities. It has long been known that its

destruction does not abolish either any single simple

reflex or any of the series of reflex chains by which

the animal maintains itself erect and in equilibrium

wiili respect to gravity. Cerebellar lesions on the con-

trary may cause a caricature-like exaggeration of these

reflexes. Its electrical stimulation causes changes in

postural tonus and in phasic contraction of large

groups of muscles in patterns often de\iating from

the principle of reciprocal inner\ation. Moreover, the

response to electrical stimulation of the anterior lobe

is determined within narrow limits by the pre-

existing distribution of postural tonus and phasic

movements of the muscles participating in the re-

sponse. Everything happens as if cereliellar control

always tends to re-establish an equilibrium. Finally it

may be noted that the cerebellar cortex, the function-

ing of which is eminently tonic, shows a surprising

autonomy in its spontaneous electrical activity. Thus

the role of the cerebellopetal afferents appears to be

limited to intensification and (less certainly at the

moment) to inhibition of the autochthonous activity

of this organ.

Nevertheless, in spite of the considerable mass of

information which is available and which is critically

reviewed in Brookhart's excellent chapter in this

Hnndhook, the exact nature and raison d'etre of cere-

bellar regulation still escape us. Impressed by the

great number and variety of its afferent paths and by

its reciprocal connections with all the projection areas

of the cerebral cortex. Snider has suggested that the

cerebellum may be "the great modulator of neuro-

logic function." However seductive may be this view

of an investigator who has contributed greatly to our

knowledge of cerebellar connections, we hesitate to

embrace it. There is one comparative anatomical fact

which does not seem to have received attention and

which appears to us quite significant. Two groups of

teleosts, the cyprinoids and the mormyrides, both have

a rich cutaneous innervation in the cephalic region.

In the former, slowly-moving fish with mediocre

motor capacity, the innumerable cephalic receptors

are gustator\ . In this group the cerebellum is rudi-

mentary. In the latter, the cutaneous receptors, in-
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nervated by a branch of the lateral line nerve, are

adapted to perception of the currents produced by

the periodic discharges of an electric organ of low-

power. This detecting apparatus is clearly one of the

factors making possible the acrobatic agility of these

fishes. In them the enormous cerebellum fills the

cranial cavity with its exuberant proliferation One is

tempted to see in this structural contrast a confirma-

tion of the concept that cerebellar regulation is es-

sentially concerned with the postural and phasic in-

nervation of the skeletal musculature rather than

with nervous functions in general.

The mesencephalic reticular formation responsible

for arousal and the thalamic nuclei mediating its

rostral influence qualify in every way for inclu.sion

among the regulators of central activity. The original

conception of Magoun and of Moruzzi was that this

region produced a continuous stream of impulses

which ascends to and energizes the cortical neuronal

networks, and that the magnitude of this stream is

determined simply by llic intensity of aflTerent influ-

ences from the receptors. This concept now appears

to be too simple if one accepts the views of Jasper and

Fessard, which have been so well described by

Jasper himself and by French in this Handbook. Even

if the mesencephalothalamic mechanisms for arousal

become recognized as of psychophysiological sig-

nificance, it will not however be necessary to aijandon

the concept that they play a major role in the general

regulation of cerebral activity, a regulation which

cannot be other than the resultant of global func-

tioning.

The reciprocal connections between the ascending

reticular formation and the cortex pose problems

which are still far from being solved. One of these is

the intimate mechanism of cortical arousal by reticular

influences. Another moot question is that of the par-

ticipation of active inhibition in reticulocortical inter-

actions. The only effects clearly revealed by experi-

mental study of reticulocortical and corticoreticular

influences are excitatory. The hypothesis based on

these considerations proposes that cortical arousal

regularly produces a corticifugal discharge back to

the reticular neurons which intensifies and prolongs

their activity, so in turn arousing them to further

corticipetal discharge. The free play of this exchange

of excitatory impulses, in the absence of an inhibi-

tory autoregulation, might bring the organism danger-

ously close to a convulsive crisis. The demonstration

of inhibitory mechanisms acting at the cortical or

mesencephalic levels would confirm the view that

the ascending reticular formation plays a homeo-

static role in the oserall functioning of the brain. It

would further permit us to integrate into our inter-

pretive synthesis the observations which led Hess

to postulate a hypnogenic center exerting its eflfect by

active inhibition. '-'

In the present state of our knowledge, interpreta-

tion of the functions of the rhinencephalic and non-

olfactory cingulate structures is very difficult, a situa-

tion not dissimilar from that we meet in the case of

the cerebellum. Experimental or pathological stimu-

lation of these structures, particularly of the nuclei of

the amygdaloid complex, results in striking changes

in overt behaxior and mental state both in animals

and man. Even bilateral lesions of these structures,

however, do not significantly impair the visceral or

somatic activities which are clearly affected by stimu-

lation. The rhinencephalon is thus not es.sential for

the integration of the functions, the centers for which

lie chiefly in the brain stem and hypothalamus. In

still other regions, such as the anterior cingulate area,

neither stimulation nor ablation yields clear results.

The recent demonstration by Penfield and Milner

and by A. E. Walker of the importance of the hippo-

campal-cingulate septum for the fixation of memory
in man should dictate prudence in the evaluation of

negative results from animal experiments.

If we set aside this unexpected suggestion liiat the

hippocampus is critically related to the memory func-

tion, the impres.sion which emerges from the mass of

observations concerning the ".second .system of the

rhinencephalon" (as Pribram & Kriiger call it) is that

its various constituent structures have, in the course

of the phylos;enetic evolution of the vertebrates, ac-

cjuired the role of modulators of nervous activities

integrated in the more primitive subcortical regions

in which lie the nervous mechanisms for fundamental

instincts. This role of modulation of intensity would

account for their importance in the orientation of be-

havioral patterns and in the control of emotional ten-

sion. The description and analysis of these subtle in-

fluences must take full account of the nuances of

psychological dialectics. The writers of the pertinent

chapters in this Handbook have succeeded perfectly in

this task.

- Since these lines were written, tlie existence of sucli an

inhibitory mechanism in the pontine reticular formation has

been demonstrated by Moruzzi and his associates.
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HISTORICAL B.ACKGROUND

THE STORY OF THE GROWTH of knowledge of the

physiology of the cerebellum recapitulates the story

of the growth of almost all branches of human knowl-

edge. Opinions originally founded on pure specula-

tion have been supplanted by opinions based upon

'245
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observation. Lonsf before the dawn of the scientific

era, the cerebellum was recognized as a special por-

tion of the central nersous system. However, from

the time of Galen through the writings of Thomas
Willis, opinion concerning cerebellar functions was

based entirely upon speculations, framed in what we
now consider to be meaningless terminology and

based on the confused concepts of neural function in

vogue at any particular time. Nevertheless, Willis'

speculative suggestions (364) that the cerebellum

controlled such functions as the heart beat, respira-

tion and other vegetative functions, led evcntuallv to

experimental investigations which, although they

refuted his suggestions, have laid the foundations for

our present concepts of cerebellar fimction. Discus-

sions of this period in the de\elopment of cerebellar

physiology may be found in Neuberger (253) and

Rawson (278).

The true nature of cerebellar function began to

emerge with the first crude attempts to describe the

alterations in beha\ior following the remo\'al of the

cerebellum from li\e animals. Through the work of

Duverney (115), von Haller {352), Rolando (280)

and Flourens (124), the broad outlines of cerebellar

influence over the control of motor actisities of the

central nervous system were soon laid down. Through

the suij.sequent years, the refinements of surgical

skill in the preparation of experimental ablations, in-

creasing sophistication on the part of clinical ob-

servers and the deselopment of new techniques of

inquiry have contributed accuracy and precision to

the descriptions of cerebellar dysfunctions. The be-

ginnings of true understanding, howe\'er, ha\'e only

begun to develop on the loackground of the anatomi-

cal understanding which has been furnished by the

work of comparative and experimental anatomists

guided so importantly by Larsell and the workers of

the Norwegian school.

Throughout the earlier portion of the experimental

period, several unrecognized difficulties were en-

countered by investigators which added measurably

to confusion and diflferences of opinion. As is the

case with the cerebral cortex, the cerebellum has

undergone extensi\e phylogenetic alteration in

structure and function. The species differences re-

sulting from these alterations were not immediately

recognizable. The earlier experimental work also

suffered from lack of histological controls of experi-

mental procedures. The existence of intracerebellar

decussations, the proximity of nuclear and cortical

structures, plus the juxtaposition of the cerebellum

and important motor control svstems of the brain

stem, make histological controls mandatory in any

experimental study of the cerebellum. Much of the

earlier experimental work is impossible to interpret

with any degree of assurance because of the absence

of such controls. And finally, the ability of experi-

mental animals to compensate for experimentallv-

produced cerebellar deficits introduces an important

time factor into experimental studies involving

chronic cerebellar lesions which was not taken into

consideration in much of the work of the nineteenth

and early twentieth centuries. The student of the

original literature on cerebellar physiology should

bear these points in mind in exaluating the reports

which he reads.

.\N.^TOMIC.-\L ORIENT.JiTION

It is unnecessary here to consider the anatomical

relations of the cerebellum in detail. For exhaustixe

treatment of this important subject the reader is

referred to Larsell (181) and to [ansen & Brodal

(169).

Gross Morphology

The purely functional aspects of the cerebellum

have constituted the primary objective of many
studies. On the other hand, many investigators ha\e

initiated cerebellar studies with the objective of

defining somatotopic relationships within the cere-

bellum. Luciani (18B-190) early emphasized the

conclusion that there was a lack of somatotopic

organization within the cerebellum with the excep-

tion of the relation of one side of the cerebellum with

the ipsilateral side of the body. Nevertheless, Bolk's

comparative anatomical studies (27), appearing at

about the same time that information concerning

the somatotopic organization of the cerebral motor

cortex was being re\ealed, gave great impetus to at-

tempts to demonstrate a similar organization of the

efferent functions of the cerebellum. Studies of the

more detailed anatomy of the cerebellum soon led

Edinger (116) and Comolli (77) to suggest another

variety of organization. According to this concept,

the paleocerebellum comprising the vermis and

flocculus was phylogenetically older and was con-

cerned primarily with the regulation of tonus; the

neocerebellum, on the other hand, consisting of the

cerebellar hemispheres, was primarily concerned

with cerebral relationships. Ingvar (164, 165) added

to this concept by proposing that the paleocerebellum
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received largely vestibular and spinal afferents

whereas the neocerebellum received afferents acti-

vated from the cerebral cortex. The physiological

justification for the distinction between the paleo-

and neo-portions of the cerebellum was first offered

by Bremer (36). Further studies of comparative and

developmental anatomy have led Herrick (157) and

Larsell (180) to reinforce this distinction. More re-

cent anatomical studies (169), and the evidence

which will be reviewed, indicate that this partition

of functional relationships is too rigid and that

cerebrocerebral relations must be mediated in part

by the more anterior portions of the paleocerebellum.

Undoubtedly the most universally applicable and

useful description of the gross morphology of the

cerebellum is that which has grown out of Larsell's

comparative and embryological studies (180). The
basic subdivision into a flocculonodular lobe sepa-

rated from a corpus cerebelli by a posterolateral

fissure is applicable to all species studied. Larsell

further subdivides the corpus cerebelli into an an-

terior and a posterior lobe. The further subdivision of

the corpus cerebelli into lobules has been accom-

plished in the past through the use of terms which

were not universally applicable. In what is to follow,

an attempt is made to use current terminology along

with the numerical designation recommended by

Larsell (181). Figure i is an attempt to represent the

morphology of the cerebellum. The additional divi-

sion of the cerebellum into sagittal divisions con-

sisting of a vermis, and an intermediate and lateral

portion of each hemisphere seems indicated by both

anatomical and physiological evidence which will be

discussed later.

The functional importance of this gross morpho-

logical subdivision of the cerebellum resides in two

facts. The flocculonodular lobe is the only portion of

the cerebellum which has direct two-way connec-

tions with the vestibular system. The phylogenetic

development of the cerebral cortex is coupled with

the phylogenetic development of the lateral portions

of the cerebellar hemispheres.

Cortex

The outstanding histological characteristic of the

large expanse of highly infolded cerebellar cortex is

its uniformity in all parts of the cerebellum. This

cortex is divisible histologically into three layers: a

superficial molecular layer, at the bottom of which

is found the row of Purkinje cells; and a deep granu-

lar layer overlying the white matter. Neurons are

relatively sparsely scattered in the superficial portion

of the molecular layer, the bulk of the volume being

comprised of the tremendous dendritic expansions

of the Purkinje cells enveloped with climbing fibers,

the ascending and bifurcating axons of the granule

cells of the third layer, and the axons and dendrites

of the star cells and basket cells of the molecular

layer. At the base of the molecular layer the row of

Purkinje cells is composed of the large globose somata

of these cells arranged almost in contact with each

other, separated by the basketwork of axonal termi-

nations derived from the basket cells of the molec-

ular layer. The granular layer is composed chiefly

of the densely packed bodies of the granule cells,

their complex dendritic expansions which intertwine

with the terminals of the incoming mossy fibers,

Golgi type II cells and the incoming and outgoing

fibers of passage.

The impulses to the cerebellar cortex are delivered

over the mossy fibers from such diverse sources as

the spinal cord, the cerebral cortex via the pontine

nuclei, the reticular nuclei of the tegmentum and
medulla, and the \estibular system (cf. 169). The
origin of the impulses delivered to the cortex by the

climbing fibers still remains in doubt, the suggestion

that they originate as recurrent collaterals of axons of

intracerebellar nuclei (63) not being acceptable to

all (292).

Efferent impulses from the cerebellar cortex are

discharged entirely over the axons of the Purkinje

cells, there being no other known axon which leaves

the cortex to enter the white matter.

Nuclei

The cell bodies of the cerebellar nuclei constitute

the end station of the vast majority of Purkinje cell

axons. In step with, and as a reflection of, the phy-

letic development of the cerebellum, the cerebellar

nuclei undergo variations from species to species. In

the mammal, the medial nuclear group, the fastigial

nucleus, is the oldest from the phylogenetic point of

view. Its extracerebellar input is dominated in- the

vestibular inflow and its output is principally directed

to bulbar areas. The intermediate group is homolo-

gous with the interpositus in lower mammals and

with the nuclei globosus and emboliformis in pri-

mates. The lateral group is homologous with the

dentate nucleus of the primate.

The corticonuclear relations of the cerebellar

nuclei have been satisfactorily clarified for the cat

(167), rabbit and monkey (168) by Jansen & Brodal.
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The medial nuclei receive cortical projections from

the vermian portions of both anterior and posterior

lobes. Cortical projections from the intermediate

portion of the anterior lobe and hemisphere, from

the paramedian lobule, and to a certain extent from

the paraflocculus terminate in the intermediate

nuclear group. The lateral nuclear group receives its

corticonuclear fibers from the lateral portions of the

hemisphere and from the paraffocculus. This cortico-

nuclear projection is strictly ipsilateral. The anterior

portions of the cerebellum project into the anterior

portions of each of the nuclear groups, and posterior

onto the posterior, in a perfectly regular pattern.

This systematic relationship between the cortex and

the nuclei is the anatomical basis for the sagittal sub-

divisions of the cerebellum mentioned earlier.

The outflow from the various cerebellar nuclei has

been a difficult and confusing problem for many

years. Perhaps the most clear-cut description of the

relationships is afforded by Jansen & Brodal (169).

Since a thorough appreciation of these outflow path-

ways is essential to an interpretation of many phys-

iological investigations, no attempt will be made to

outline the facts here. Rather the reader is referred

to the more complete discussion.

In considering cerebellar influences upon other

portions of the brain, it is essential to bear in mind

that some Purkinje cell axons from all parts of the

vermis and from the flocculus leave the ccreijcUum

without interruption (167, 168). These axons termi-

nate primarily in the vestibular nuclei ipsilaterally to

their origin.

Extracerrhellar Rtlalions

The cereijellum is related to the remainder of the

nervous .system by fibers coursing througli the three

cerebellar peduncles. The principal inflow to the

cerebellum from the medulla and the spinal cord

occurs through the inferior cerebellar pechmcle.

Through this structure come impulses from spinal

cord nuclei, from the inferior olivary nucleus, from

the dorsal column nuclei, from the vestibular nuclei

and from the reticular nuclei of the medulla. Out-

flow paths through the inferior peduncle relate the

cerebellar cortex and nuclei to the vestibular nuclei,

the inferior olivary nuclei and the reticular nuclei.

The middle cerebellar peduncle is composed almost

entirely of fibers originating in the nuclei of the pons.

Through this pathway the cerebellar cortex, prin-

cipally of the hemispheres, the vermis and the para-

flocculus, is subjected to the influence of most por-

tions of the neocortex of the cerebral hemispheres.

The superior cerebellar peduncle contains fibers of

the ventral spinocerebellar tract and some fibers

from the tectum and tegmentum. Its great bulk,

however, is made up of axons from all of the cere-

bellar nuclei destined for the thalamus, the red

nucleus, the motor nuclei of the brain stem, and the

reticular nuclei of the mesencephalic, pontine and

medullarv tegmentum.

CH.'^R.'\CTERISTICS OF CEREBELL.OiR ACTIVITY

The characteristics of activity of cerebellar

neurons, like those of other portions of the central

nervous system, have been studied rather intensively

only during the last 1 5 years. Very early attempts to

apply electrophysiological techniques to this proi)lem

were made by Beck & Bikeles (ig, 20) and Camis

(57) utilizing inadequate recording techniques. More
recently, advances in electrophysiological techniques

have made possible the acquisition of information

important from both the physiological and the ana-

tomical points of view.

Spontaneous Cerebellar Activity

ELECTRlC.'SiL ACTIVITY OF CEREBELLAR SURFACE. Thc
first recognition of the characteristic electrical ac-

ti\ity of the cerebellar cortex was made by Adrian

in 1935 (i). Since that time it has been found that

the cerebellar cortices of the fish (342), the amphib-

ian (21), the reptile (91) and the bird (54, 55, 360)

display a pattern of activity essentially similar to

that seen in mammals, a datum which permits the

inference that this basic activity is dependent upon

some intracortical organization of neurons which is

peculiar to this anatomically uniform cortex. The
typical electrocorticogram from the surface of the

cerebelhmi consists of roughly rhythmic potential

oscillations of frequencies in the range of 150 to 250

per sec. The voltages recorded may vary from .020

to .120 mv, depending apparently upon the general

condition of the preparation (240). Dow (106) soon

confirmed Adrian's observations and added further

information of importance. This rhythmic surface

activity was shown to originate within the cerebellar

cortex, to be correlated with evidences of cerebellar

influences on extracerebellar structures, and to be

exceptionally vulnerable to hypotension and easily

depressed by anesthetics, anoxia and ischemia. The

existence of the fast cerebellar rhythm has been
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confirmed by numerous investigators (8i, 143, 320,

363). Furthermore, the origin of the rhythm has

been localized to the Purkinje cell-granular layer and

has been differentiated from the single action po-

tentials of cerebellar units (52), and the rhythm has

been shown to persist in spite of neural isolation of

the cerebellar cortex (89 1. In addition to the fast

(150 to 250 per sec.) rhythm which is distributed over

the entire surface of the cerei:)ellum, slower potential

oscillations have also been oljserved in both anes-

thetized and decerebrate animals. Potential oscilla-

tions at 8 to 12 per sec. have been recorded

primarily from the hemispheral portions of the cere-

l)ellum of animals under barbiturate anesthesia (81,

143, 320, 328, 329, 342, 363). Since these low fre-

quency rhythms disappear upon transection of the

mesencephalon, it is concluded that they are due to

the arrival of corticofugal discharges from the cere-

brum. In decerebrate animals, prepared with ex-

treme care and maintained in the best condition, an

additional variety of slow potential oscillations of

approximately 20 msec, in duration is obser\ed at

the cortical surface (214, 239, 240). These latter

waves appear to differ in origin from the fast rhythm,

but their source remains uncertain.

At the low end of the frequency spectrum, it has

recently been observed that sustained d.c. shifts of

potential occur at the cerebellar surface as a result

of peripheral nerve stimulation (5). The.se negative

shifts endure for i to 3 sec. after single shocks to

peripheral nerve, are enhanced iiy local strychnine

and depressed by local pentoijarbital. Their signifi-

cance remains obscure. The phenomenon may be the

same as that recorded many years ago by Beck &
Bikeles (19, 20) using galvanometric recording.

ACTIVITY PATTERNS IN CEREBELLAR NEURONS. SinCC

the introduction of techniques permitting the ob-

servation of activity in single neurons, information

about cerebellar neurons has grown less rapidly than

one might have expected. This is in part due to the

technical diflSculties involved in penetrating and

holding single neurons in the pulsating cerebellum,

and in part due to sensitivity of the cerebellar cortex

to depressing influences mentioned above.

The first attempts at examining single unit activity

were only partially successful in that the identity of

the units recorded could not be surely established.

Nevertheless, Brookhart el al. (51), utilizing small

wires inserted into the vicinity of Purkinje cells,

recorded extracellular action potentials which they

believed to originate from Purkinje cells. In de-

cerebrate animals, these units showed a rather high

level of spontaneous activity, discharging at fre-

quencies ranging over wide limits, the majority fall-

ing into the range of 70 to 80 per sec. This

spontaneous activity was characterized by random

intermittency, discharges occurring in groups sepa-

rated b\ silent intervals. The factors controlling the

resting discharge and the intermittency of firing could

not be elucidated, although similar behavior was

recorded from units in surgically isolated areas of

the cortex. The units could be caused to fire and

could be augmented or inhibited in their activity by

impulses originating in the cerebral cortex or in

peripheral receptors. Intense afferent activity, or

locally applied strychnine, initiated convulsive dis-

charges which appeared to be self-terminating at

frequencies of 400 to 500 per sec. By means of the

same technique, it was later (52) shown that both

the unit and wave activity was localized to the

Purkinje-granule layer, and that the spike and wave

activity were differentially sensitive to ischemia and

anesthetics. The cerebellar units are also responsive

to polarization with constant currents according to

the rule that current flow oriented in the dendrito-

axonal axis of the Purkinje cells nearest the electrode

tip increased discharge; current flowing in the axo-

dendritic direction reduces discharge; and current

flowing parallel to or at right angles to the dendritic

tree has no influence on discharge (49, 50).

While it remains true that information from intra-

cellular recordings continues difficult to obtain,

enough observations of this type have appeared to

establish the fact that Purkinje cells are, in some

respects, like other neurons and, in other respects,

show peculiar properties (54, 55, 138, 139, 343).

Observations of the most importance have been

made by Granit & Phillips. These investigators have

recorded both intra- and extracellularly from neurons

which several lines of evidence identify as Purkinje

cells. The general pattern of activity was the same

as that observed previously with extracellular wire

electrodes (51). They find the discharge of the cell

to be preceded by a prepotential which originates at

some distance from the recording site. Enough intra-

cellular recordings have been obtained to indicate

that the prepotential is generated by a mechanism

diflferent from the action potential and that cessation

of cell firing may be accompanied by hyperpolariza-

tion. These facts align the Purkinje cell with spinal

cord cells (82), cells of the cerebral cortex (260) and

the peripheral stretch receptor of the crayfish (176).

On the other hand, cessation of activity in Purkinje
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cells may also be accompanied or produced by a)

excessive depolarization following intense activation

and by b) a transient depolarization lasting 15 to 30

msec, and having the character of an organized con-

trol mechanism. Direct stimulation of cerebellar

neurons (139) was found to be possible with very

low voltage positive pulses applied near superficial

units (see also 49, 50). With single and repetitive

stimulation, the Purkinje cells could be excited,

inhibited, triggered, driven and thrown into higher

levels of spontaneous activity.

Single neurons of the fastigial nuclei have also

been observed in spontaneous activity (271). It has

been possible to alter the activity of these neurons by

vermal polarization, labyrinthine polarization and

sensorv nerve stimulation.

sis' and has been attributed to inhibitory reverberat-

ing circuits between the mesencephalon and cere-

bellar cortex (142, 144-147, 204). However, it has

been pointed out that with stimulation parameters

of these values, the brain stem is directly activated

by spread of stimulating current and that the stimuli

exceed the thresholds for physiological responses by

5 to 50 times (7, 239, 292). It has also been demon-
strated that when stimuli which are threshold for

the production of convulsive after-discharge are pro-

longed for 20 to 30 sec, electrical silence super-

venes—an effect which is independent of the level of

mesencephalic transection (214). It thus seems un-

necessary to postulate inhibitory mesencephalo-

cerebellar relations when evidences of simple ex-

haustion are adequate to account for the observations.

Cerebellar Activity as Altered bv Surface Stimulation

SINGLE SHOCKS. The effects of surface polarization of

the cerebellum on unit activity have already been

alluded to (49, 50J. This technique has been utilized

to study cerebellar influences on units of the reticular

formation (130, 213, 293, 350).

Dow (logj has recorded surface negative responses

to single shocks with evidence that these are slowly

conducted (0.5 m per sec.) through fibers of the molec-

ular layer. Dow also presents evidence that the con-

ducted activity may cause Purkinje cell discharge.

This observation has recently been repeated (139).

REPETITIVE STiMUL.'\TioN. Repetitive stimulation of

the surface of the cerebellum is followed by a variable

sequence of events depending, apparently, upon the

intensity and duration of the stimulus train. At the

site of stiiTiulation, there follows a period of electrical

silence if the period of stimulation has been short, or

a period of convulsive after-discharge, represented

by an increase in amplitude and frequencv of back-

ground activity if the stimuli are more intense or the

train is slightly prolonged (i, 106, 214). Following

the con\ulsive pattern, there ensues a period of re-

duced activity or of electrical silence, after which

the normal electrogram once more appears. This

sequence of electrical changes has been shown to be

accompanied by alterations of spinal cord function,

and therefore must be related to alterations in cere-

bellar neuronal discharge (106).

An electrical silence following intense (up to 200

v., 40 ma peak, i msec, pulses at 280 per sec.) pro-

longed (30 sec.) stimulation of the cerebellum or

brain stem has been termed 'cerebellar electronarco-

Cerehellar Activity as Altered by Cerebellopelal Impulses

FORM OF EVOKED PDTENTi.AL. Since the first observa-

tions (131) and the subsequent studies by Snider &
Stowell (311) and by Adrian (2) of potentials at the

surface of the cerebellum produced by sensory stimu-

lation, it has been noted that the form of the evoked

potential is essentially the same whatever the origin

of the causative impulses. From this it may be in-

ferred either that a) all of the incoming activity thus

far tested arrives at the cortex over mossy fibers (see

169) or that b) mossy and climbing fibers both pro-

duce a similar sequence of sources and sinks by post-

synaptic activation. The latter inference seems uzi-

warranted on purely anatomical grounds.

The arrival of a synchronized volley of impulses

in corticipetal fibers produces an initially positive

wave form of o.i to 0.3 mv and a duration of 20 to

30 msec. This is succeeded by a more leisurely,

usually smaller, negative wa\e which may occupy 30

to 40 msec. Such responses are highly localized in

anesthetized or depressed animals when the initiat-

ing stimuli are confined to a small population of

afferents. This localized characteristic has led to the

widespread use of the evoked response in electro-

anatomical studies which will be discussed later. In

unanesthetized preparations, the evoked response is

frequently succeeded by a period during which the

spontaneous rhsthm of the cortex is increased in

frequency and amplitude (2, 38, 39). This altered

rhythm may resemble convulsive activity, but it is

promptly blocked by the elicitation of a second

evoked response.

The genesis of the surface sign of evoked response

has been studied using simultaneous leads from the
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surface and depth of the cortex {28, 38-40, 42, 44,

294). The negative component of the response is

more labile, more subject to depressing influences,

may be augmented by local strychnine and shows

temporal summation as a result of properly-timed

paired volleys. From these considerations, and from

the inversions of potential sign which occur at a

penetrating electrode (44, 215, 294), it appears

justifiable to conclude that the positive phase of the

evoked response develops from postsynaptic activity

in the granular layer of the cortex whereas the nega-

tive phase is related to the efferent discharge of

Purkinje cells.

SENSORY INPUT. The electrical activity of the cere-

bellum is capable of being altered by impulses origi-

nating in a wide variety of sensory nerves. Before

dealing with the problems of localization on the

cerebellar cortex, it seems pertinent to consider the

nature of the afferent activity initiated in these

studies and the pathways of transmission involved.

In those studies in which natural sensory stimuli

were used to activate receptors, there can be little

doubt about the nature and distribution of the af-

ferent fibers. It has been found that afferent activity

initiated in muscles, tendons and joints is delivered to

the cerebellar cortex (2, no, 140, 177-179). This is

in keeping with the long-recognized importance of

the cerebellum in relation to postural control. The

discovery that the stimulation of cutaneous receptors

(2, 75, 1 10, 131, 303, 311, 312) and even auditory

and visual receptors {28, 41, 117, 128, 129, 131, 311,

312, 319) could also activate the cereliellar cortex

was unexpected since it had not been predicted on

either anatomical or physiological grounds.

The technique of evocation of cerebellar responses

jjy electrical stimulation of sensory nerves introduces

complications which have been of concern to some

investigators. With artificial stimulation, it has been

noted that the evoked response is dependent to a

certain degree upon the nature of the stimulated

aflferents and the conduction pathway. It has been

reported that the surface response is divisible into

three distinct portions having different latencies (140,

179). It is generally agreed that the initial component

of shortest latency results from the stimulation of

Group I afferents and that the impulses course

through the dorsal spinocerebellar tract (61, 107, 140,

178, 216, 248). There is a lack of clarity in the rela-

tionships between the later components of the re-

sponse reported by various investigators, particularly

with respect to their latency and to tlieir utility for

localizing purposes. The component of intermediate

latencv has been ascribed to a response of neurons

of the cerebellar cortex (140) and to more slowly

conducted afferent activity (178, 248). A still later

component has been considered to originate from

impulses in more slowly conducting cutaneous af-

ferents (140, 178) and in slowly conducting afferents

in muscle nerves (216, 217, 248).

The problem of the conduction pathway utilized

within the central nervous system has been attacked

principally with the technique of partial cord tran-

section. Because of the possibility of sparing a few

effective fiijers, this approach presents problems

which are not completely avoided by the technique

of recording from the ascending fiber systems. In the

opinion of some investigators, both the dorsal and

ventral spinocerebellar tracts conduct impulses of

both cutaneous and proprioceptive origin, and con-

vergence from the two sources upon single elements

of the tract occurs (61, 140, 148, 217). At the le\el of

the superior cerebellar peduncle (61) ventral spino-

cereijellar tract impulses may arrive over both crossed

and uncrossed pathways, and evidence of additional

crossing within the brain stem or cereiiellum has

been obtained as predicted by anatomical studies

(48). On the other hand, Oscarsson (256) reports

that the ventral spinocerebellar tract, at spinal cord

and peduncular levels, is acti\ated solely from con-

tralateral muscle nerve stimulation in which the

volley includes Group II) afferents. Oscarsson's

studies also led him to the conclusion that the dorsal

spinocerebellar tract is largely uncrossed and may be

activated by both Group la and lb afferents.

The dorsal column system has been shown to be

activated by impulses originating in skin, muscle and

joint nerves (64, 216, 218). The ventral quadrant of

the spinal cord also furnishes an important pathway

to the cereijellum in the form of the crossed spino-

olivary and uncrossed spinoreticular fibers (26, 148,

217) capable of being acti\ated by both cutaneous

and proprioceptive stimulation. In these systems, too,

further crossing has been shown functionally and

anatomically (48) to occur at tlie upper end of the

pathway.

The degree of localization of cerebellar responses

evoked by natural or by artificial stimulation of

sensory nerves has not been uniform in all studies of

this subject. In Dow's early studies on decerebrate

cats (107), sciatic, saphenous, median and ulnar

stimulation gave rise to responses which appeared

bilaterally over the anterior lobe (I-\', H I-H \'),

simplex (\"1, H \'I), pyramis (Mil A, \'III B) and



THE CEREBELLUM 1253

paramedianus (H VII B, H \'III A). Similar re-

sults were obtained in the lightly pentobarbitalized

rat (iio). This generalized distribution of response

was not reported by later insestigators working

largely with animals under the influence of barbi-

turate anesthesia. These differences have been made
the subject of a special study by Combs (75). Utiliz-

ing both natural and artificial stimuli, Combs found

that responses were diffusely distributed over the

anterior lobe (I-V, H I-H V) and simplex (\'I and

H \'I) in the decerebrate unanesthetized animal.

The diffuse responses were not the result of intra-

cortical spread because they appeared with relatively

uniform latency over the entire lobe and furthermore

survived rather deep and extensive ablations of those

portions of the cortex from which others had re-

corded localized responses. Following the adminis-

tration of pentobarbital to the same animals, the

responsive zone shrank to a small ipsilateral region of

the intermediate portion of the anterior lobe, the

exact location of which was characteristic of the site

of stimulation. These obser\ations were tentatively

explained by postulating the existence of two afTerent

systems differentially susceptible to pentobarbital,

an hypothesis which has been supported by addi-

tional observations (76). The localized response in

the anesthetized animal was shown to be independent

of the dorsal and ventral spinocerebellar tracts, the

spino-olivocerebellar system and the external cuneate

nuclei, but disappeared upon destruction of the

lateral reticular nucleus. It would thus appear that

impulses of somesthetic origin are delivered diffusely

to most of the anterior lobe and simplex and to the

paramedian lobes by one or more ascending systems,

whereas other ascending systems deliver only to

restricted foci within this larger responsive area. It

would appear possible that examples of interaction

of evoked responses at one point on the cerebellum

froin widely separate afferent sources (28, 41, 216,

217) may have been dependent upon the utilization

of experimental preparations showing the generalized

responses described by Combs (75).

The localized responses from hind limb regions,

when studied in anesthetized animals, appear ipsi-

laterally in the culmen (IV, V, H IV, H V), from

fore limb regions in the culmen (IV, V, H IV, H V)

and from face areas in the simplex (VI, H \T) (2,

312). In addition to these responses from the anterior

lobe, localized responses may also be recorded from

the paramedian lobes (H \II B, H VIII A) bi-

laterally with considerable overlapping of foreleg,

hind leg and face areas (312). Occasionally, responses

from somatic stimulation are recorded from the

ansiform lobules (H \'II A) (312). The distribution

of activity from deep and superficial sources shows

no detectable differences (216, 217).

From vestibular sources also, evoked potentials

appear in these portions of the cerebellum known
anatomically to be closely related to vestibular func-

tion. Thus, single shocks applied to vestibular struc-

tures produce evoked potentials in the flocculonodu-

lar loije, the uvula (IX), lingula (I) and lobulus

centralis (III) as well as in the fastigial nuclei (107).

Natural stimulation of auditory receptors, as well

as natural and artificial stimulation of visual input,

has produced responses in the simplex (VI, H \T)

and in the folium and tuber vermis (VII A, VII B)

(312). Visual responses have also been recorded from

the ansiform lobule (H VII A) and are more easily

found when the animal is anesthetized with chloralose

(312). This characteristic has resulted in the sug-

gestion that the ansiform lobule responses are ab-

normal in the sense that they depend upon the con-

vulsant properties of chloralose (128, 129). Evidence

as to the ph\ siological nature of these responses and

their independence of chloralose has recently been

presented (117).

As a result of stimulation of vagus nerve fibers (95)

and olfactory bulbs (162), responses have been re-

corded from the same zones which are activated by

tactile impulses from the face. Single shock stimula-

tion of the splanchnic nerve with currents strong

enough to activate thin myelinated fibers of the delta

category produces evoked responses in various por-

tions of the vermis (I\', \', \"I, VII A, \'II B) and

from the paramedian loijules (H \'II B, H \'III A)

(362).

IMPULSES FROM CEREBRAL CORTEX. AUusion has al-

ready been made to the fact that spontaneous cere-

bral rhythms may ha\e an influence upon the ac-

tivity of the cerebellar cortex. As might be expected,

acti\ity initiated by artificial stimulation of the

cerebral cortex may al.so evoke responses from the

cerebellum. Such responses have been valuable in

establishing the existence of functional pathways

between these two portions of the central nervous

system in support of and in extension of the more

purely anatomical descriptions.

Starting from the observations of Curtis in 1940

(93), subsequent investigations have supplied con-

firmation and refinement. In the anesthetized cat,

electrical (93, 108) and chemical stimulation of

manv areas of the cerebral cortex elicits rather
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widespread bilateral responses (stronger contralat-

erally) from the cerebellar hemispheres and the more

posterior portions of the anterior lobes. In the mon-

key, Dow (io8) and Adrian (2) have reported some-

what finer degrees of localization. In this form,

stimulation of the sensory-motor areas of the cerebral

cortex is followed by responses which are most

prominent in the posterior portions of the vermian

and paravermian lobules and in the simplex—the

same areas which are activated by sensory impulses.

Indeed, Adrian emphasizes the convergence upon

similar cerebellar zones of impulses from the hind

liinb and hind-limb area of the sensorimotor cortex,

and from the forelimb and forelimb area of the

sensorimotor cortex, and froin the face and face

area of the sensorimotor cortex. The anatomical

description of these cerebral projections to the vermis

has been supplied JDy Nyby & Jansen (255). On the

other hand, other frontal areas of the cerebral cortex

(i, 124, 280, 360) project more strongly to the ansi-

form lobules over pathways which are independent of

and do not require the integritx' of the sensorimotor

cortex (108).

Further associations between sensory projection

areas of the cerebral cortex and cerebellum have

been revealed by several studies directed to this

specific question (149, 152, 306, 307). In the anes-

thetized cat, Hampson (149) and Hampson et al.

(152) find that both auditory I and II project bi-

laterally to the folium and the tuber vermis only.

Stimulation of Soinatic I produced responses in the

contralateral anterior lobe and the simplex with

correspondence between hind limb, forelimb and face

areas. Somatic II was reported to be related to the

contralateral paramedian lobule, tuber vermis and

pyramis. An area of the medial surface of the hemi-

sphere, from which autonomic responses may be

evoked, projected to the ansiform lobule, lateral

anterior lobe and rostral portion of the paramedian

lobule. These results have been essentially confirmed

by Snider & Eldred (306) with the difference that

the latter investigators recorded evoked responses

from the paramedian upon stimulation of Somatic

I, found equivocal results from stimulation of Somatic

II and were able to detect activity only in the medial

folia of Crus I and II after stimulation of the auto-

nomic zone of the cerebral cortex. Similarly, in the

locally anesthetized monkey (307) convergence of

input from sensory and cerebral sources upon the

same cerebellar zone has been demonstrated by

stimulation of the primary sensory receiving areas of

the cerebrum. As might be expected from Combs'

studies (75, 76), tlie localization of the cerebellar

response is evident only with threshold stimuli, and

the degree of overlap is considerable.

Further evidence of cerebral influence on cere-

bellar function is furnished by the observation that

stimulation of the caudate nucleus is capable of pro-

ducing evoked responses in the ansiform lobule and

the tuber vermis (85).

In a refreshingh different \ein, it has been reported

in preliminary form (166) that two different types

of e\'oked response may be recorded from the cere-

bellum following single shocks to the cerebral cortex

of the anesthetized cat. Short latency (2 to 5 msec.)

responses may be evoked by stimulation of Somatic

II while long latency (12 to 25 m.sec.) responses may
be evoked by stimulation of Somatic I. Both of these

responses are transmitted through the pontine nuclei.

The individuality of these responses is further at-

tested to by their different recovery cycles and by

differences in the conditioning effect of one upon the

other.

IMPULSES FROM BR.MN-STEM SOURCES. Considering the

richness of cerebellar projections from various nu-

clear masses in the brain stem as deinonstrated ana-

tomically, there are relatively few reports of electro-

physiological studies of cerebellar activation from

these sources. Dow (107) has studied the cerebellar

responses to single stimuli delivered to the inferior

olive and to the lower bulbar reticular formation in

cats. Responses were recorded from the entire cere-

bellar cortex as a result of olivary stimulation. The

responses to reticular stimulation were different in

wave form from those evoked by olivary stimulation.

The latter were noteworthy for the prolonged de-

pression following a conditioning shock. Responses

evoked by stimulation of the pons were studied

(107). These were found to be distributed primarily

in the ansiform lobule (H V'll A), the paraflocculus

(H VIII B, H IX), the paramedian (H \ II B,

H \TII A) and the simplex and tuber vermis (V'll A,

\'II B). Smaller and inore irregular responses were

recorded from the spinocerebellar projection areas.

In a study of the responses to electrical stimulation

of the surface of the superior coUiculus, Snider (304)

recorded responses from the tuber vermis and the

simplex (\T, VII A, VII B). The author suggests

that cerebellar responses to visual stiinulation could

be mediated over tectocerebellar connections.

iNTER.JiCTioNS OF SENSORY VOLLEYS. It has already

been indicated that convergence of impulses from
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various sources may occur at precerebellar levels.

There is also ample evidence that a high degree of

convergence occurs within the cerebellar cortex

itself (108, 140, 177, 179, 320). Bremer & Bonnet

have devoted a series of studies to the manner of

interaction between the surface negative v^'aves

which may be recorded from the unanesthetized

animal in good general condition following stimula-

tion of many afferent sources (28, 38, 39, 41). The

negative wave of the test responses is completely

occluded at very short test intervals, is facilitated at

slightly longer intervals and undergoes subnormality

at still longer intervals, whether the initiating sensory

volleys come from similar sources or from sources as

widely different as cutaneous and auditory. Con-

vergence and interaction of impulses initiated by

sensory and cerebral corte.x stimulation have also

been demonstrated by Albe-Fessard & Szabo using

surface leads (3, 321) and intracellular leads {4).

Cerebellar Activity as Allerrd by Drug Actions

Since cerebellar neurons, seemingly to a greater

extent than other neurons, are susceptible to nar-

cotics, anesthetics and other depressing agents, the

following section will emphasize the actions of ex-

citatory agents.

TOPic.'>iL .APPLICATION. The high-voltage synciironized

spikelike potential wave produced by strychnine

topically applied to the cerebral cortex is a dramatic

and easily reproducible event which has been studied

and utilized as an investigative tool by many. The

original observation of KornmuUer (175), confirmed

by Dow (106) and all subsequent investigators, that

strychnine applied to the surface of the cerebellar

cortex does not produce hypersynchronous dis-

charges cannot be regarded as evidence that strych-

nine does not stimulate cerebellar neurons. The most

direct evidence of the excitant effect of strychnine

has been furnished by the records of single cerebellar

neurons in convulsive activity as a result of strych-

nine (51, 52). Cerebellar neurons, normally in tonic

discharge, alter their pattern of activity under the

influence of strychnine. The affected units go into an

interrupted burst of discharge in which the frequency,

initially within normal limits, rises progressively to

abnormally high values of 400 to 500 per sec. before

the termination of the burst. The diminution of spike

amplitude at the higher frequency near the termina-

tion of the burst suggests that the interval between

impulses becomes shorter than the refractory period.

The abrupt cessation of the burst with very small

spikes suggests that the burst is self-terminating by

virtue of hyperdepolarization. After a variable re-

covery period, the sequence is repeated and con-

tinues to be repeated until the strychnine is removed.

Less direct evidence of the stimulant effect of strych-

nine is supplied by the observation that the negative

component of the evoked surface potential, related

to the discharge of Purkinje cells, is augmented by

strychnine (28, 42, 44). And finally. Miller's observa-

tion (207, 208) that muscular tonus and posture may
be altered by local application of strychnine to the

surface of the cerebellum has been confirmed many

times (200, 286, 297). It has also been recorded that

the discharge frequency of cerebellar neurons may be

augmented by the local application of acetylcholine

after pretreatment with physostigmine (90). Surface-

negative responses of the cerebellar cortex, which

Grundfest & Purpura ascribe to dendritic activity,

are said to be eliminated by (/-tubocurarine (141 J.

SYSTEMIC .ADMiNisTR.\TioN. Although the local appli-

cation of strychnine to the cerebellar cortex does not

produce the surface potential changes characteristic

of convulsive activity, the intravenous administration

of strychnine to curarized animals is followed by the

dramatic appearance of low-frequency (10 to 30 per

sec.) high-voltage (o.i to 0.4 mv) rhythms which

have been termed cerebellar convulsions or cerebellar

tetanus (42, 44, 143, 170, 171, 201-203, 289). Al-

though it was first considered that these outbursts

were truly representative of cerebellar convulsions,

it has been conclusively demonstrated by Bremer and

his colleagues that they are, in fact, the result of af-

ferent volleys impinging on the cerebellar cortex

from the convulsing spinal cord and brain stem (42,

44). The.se conclusions are derived from the follow-

ing considerations. The effect of intravenous strych-

nine on the spinal cord is the initiation of outbursts

of rhythmic convulsive activity of frequency of 10 to

30 per sec. Each tetanic wave at the cerebellar sur-

face has a time course which is similar to that pro-

duced by an afferent volley arriving at the cerebellar

cortex. The tetanic waves are localized to the bulbo-

spinal projection areas of the anterior portion of the

cerebellum. Evoked potentials and tetanic waves

show mutual interaction. The phase reversal upon

leading from the depths of the cerebellar cortex is

similar for tetanic waves and evoked potentials. Local

pentobarbital and asphyxia may abolish the negative

components of both the tetanic waves and evoked

potentials without affecting the positive components



1256 HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

which are thousjht to lie produced Ij\ the afferent

volleys. It would thus appear that systcmically ad-

ministered strychnine not only produces convulsive

outbursts in motor elements of the brain stem and

spinal cord but also initiates similar patterns of ac-

tivity in ascending systems which reflexly induce the

cerebellar rhythin.

Con\ulsi\e acti\it\' of the cerebellar cortex is also

said to follow the administration of DDT (92) and

^-chlorinated amines (261).

silence enduring; for some 50 msec. In a more com-
pleteh- reported study, Goldman & Snider (132) de-

scribe somewhat different patterns of activity from

the brachium conjunctivum of curarized cats in re-

sponse to stimulation of the inferior olive, the resti-

form bodies and the brachium pontis. These authors

ascribe a i.o to 1.5 msec, component of the evoked

response to a monosynaptic activation of the cere-

bellar nuclei and a 2.5 to 3.0 msec, component to a

corticonuclear relav.

Cerehfllofiignl Arlivity

CEREBELL.\R .NUCLEI. Electrophysiological studies of

the activity of the cerebellar nuclei ha\e been car-

ried out only recently. Arduini & Pompeiano (8,

271 ) have studied acti\ity in single units of the rostral

pole of the fastigial nuclei during various forms of

induced activation. As would ha\e been predicted,

many of these units were tonically active. This tonic

activity could be altered by surface polarization of the

cerebellum (49, 50), by galvanic stimulation of the

labyrinths and by stimulation of somatic .sensory

pathways. Cerebellar influences were most readily

obtained from the vermal portion of the culmen

(IV-V) and movement of the surface electrode i to

2 mm onto the intermediate portion (H IV, H V)

was sufficient to abolish the response (see 168). Ac-

tivity of units in the rostrolateral part of the nucleus

was usually augmented, whereas activity of units in

the rostromedial part of the nucleus was usually in-

hibited. Units which were not affected by cerebellar

stimulation may have been related to inaccessible

portions of the cortex, association neurons, or in-

dependently active fastigial elements (316).

CEREBELLAR PEDUNCLES. Electrophysiological studies

of the activity patterns in the cerebellar peduncles

are also rather rare. Spike discharges in the superior

cerebellar peduncle of the a;oat have been recorded

(83, 84) in response to stretch of extrinsic ocular

muscles and various forms of sensory stimulation.

Latencies of discharge and the finding of similar pat-

terns in other portions of the cerebellum and cortex

led to the conclusion that the actixatcd fibers were

cerebellofugal in type. Microelectrode recordings

from the superior cerebellar peduncles in the de-

cerebrate cat have revealed that a complex potential

of four components may be evoked by sensory stimu-

lation (56). Reasons are given for identifying the 25

to 30 msec, component as the efferent discharge. The
evoked potential is followed by a period of electrical

ACTIVITY SECONDARILY INDUCED BN' CEREBELLOFUGAL

IMPULSES. Alterations in the actisity of other portions

of the brain induced by control of cerebellofugal ac-

tivity has been studied using two different techniques.

The time-honored system involving the production of

synchronized volleys with single shocks and recording

with microelectrodes has been used to good ad-

vantage by some (156, 310, 359J. Moruzzi and his

colleagues have capitalized on the responsiveness of

cerebellar neurons to polarization (49, 50) and have

recorded the resultant secondary changes with

microwire electrodes {97, 130, 213, 293, 349, 350,

361). These studies have been concerned with

secondary activity in the bulbar reticular formation,

the vestiljular nuclei, the midbrain and diencephalon,

and the cerebral cortex.

In barbitalized cats. Snider et al. have recorded

responses from the bulbar inhibitorv reticular forma-

tion evoked by single shock stimulation of the culmen

and fastigius (310). The shorter latency of the re-

sponses evoked by fastigial stimulation as compared

to cortical stimulation was regarded as support for

the existence of a corticofastigioreticular pathway for

cerebellar inhibition. This suggestion has been

strongly supported by the results of microwire reticu-

lar unit recording. Using careful anatomical and

phvsiological controls, Mollica et al. (213) have been

able to identify inhibitory reticulospinal units. The
discharge frequency of such units was augmented by

polarization of the cortex which produced collapse

of decerebrate rigidity. Other units of uncertain

identity were inhibited by cerebellar polarization

(-^13. -^93. 349. 350)-

It has been possible to demonstrate convergence of

cerebral and sensory as well as cerebellar influences

on this latter type of unit (349, 350). Cerebellar in-

hibition was effective in decreasing the response to

cerebral and sensory volleys and summed with in-

hibitory volleys of cerebral origin. Gauthier et al.

(130) present evidence that the principal projection

to the reticular formation originates from the vermis
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proper (III, IV, V) and to a much smaller extent

from the intermediate portion of the anterior lobe

(H III, H IV, H V).

Convergence of cerebellar and vestibular influences

on the same cells has also been demonstrated for the

vestibular nuclei by DeVito et al. (97). The most

active projection appears to originate from the

spinocerebellar areas. Units of the vestibular nuclei

could be stimulated or inhibited, or remained un-

modified during cerebellar polarization.

Using single evoked volleys, Whiteside & Snider

(359) 3nd Henneman el al. (156) have examined the

evoked responses of the midbrain and diencephalon

(359) and cerebral corte.x (156) following single

shocks to the cerebellar cortex. Responses considered

to be asynaptically and others considered to be

transynaptically mediated were identified in many
portions of the midbrain and diencephalic tegmentum

and in the sensory relay nuclei of the thalamus. In

experiments involving stimulation of the cortex and

nuclei (156), the efferent systems were found to be

extremely sensitive to barbiturates. Shocks to the

anterior lobe and the simplex were followed by con-

tralateral responses in the sensory and motor areas

of the cerebrum. Paramedian stimulation evoked re-

sponses from the same areas bilateralh'. It proved

possible to activate the auditory area and surround-

ing zones bv stimulation of the auditory projection

zone of the cerebellum, but responses from cerebral

visual areas were not recorded. .Stimulation of the

ansiform lobule produced irregular and inconsistent

cerebral responses. From any point in the cerebellar

nuclei, the cerebral sensorimotor cortices were acti-

vated bilaterally.

Perspective

Out of the details of the many studies of cerebellar

anatomy and physiology utilizing electrophysiologi-

cal techniques there emerge several concepts of major

importance which will aid in an understanding of

cerebellar function.

The first of these is the idea that even in the

absence of controlled and purposeful stimuli, the

neurons of the cerebellar cortex and nuclei are in a

state of activity at a relatively high level. In the usual

preparations studied it is impossible to refer to this

as spontaneous or resting activity since there is un-

doubtedly a wealth of tonic afferent barrage arriv-

ing at the cerebellum from many intero- and extero-

ceptors and from other portions of the brain. On the

other hand, it remains possible that also in the

absence of the usual drive from extracerebellar

sources, the cerebellar neurons may discharge in a

truly spontaneous fashion. Whether this neuronal

activity is truly autochthonous or whether it is driven,

the level of activity is high and shows none of the

tendency to synchronization which is so characteris-

tic of the cerebral cortex. It seems reasonable to

consider, therefore, that cerebellar neurons are, for

the most part, very close to their critical level of

excitability and that presynaptic influences exert

their effects by altering the rate of discharge rather

than by initiating a burst of activity from otherwise

quiescent cells. In the same line of thought, the

high level of activity in intrinsic cortical neurons

must be reflected in a tonic discharge from the

neurons of the cerebellar nuclei, and indeed this has

been observed. Here again, it seems reasonable to

consider that variations in cerebellar influence over

extracerebellar neurons are brought about by varia-

tion of the frequency of cereijellofugal impulses,

serving to produce modulation in level of excitability

in the recipient neurons rather than by forcefully

initiating or terminating the postsynaptic responses.

That such a modulating influence may either be

excitatory or inhibitory has been amply demonstrated

by the studies of unitary discharges of brain-stem

structures during induced variation in cerebellar

activity.

The second conclusion of major importance is that

cerebellar activity may be modified by cerebellopetal

activity and that the potential sources for such modi-

fying influences are extremely widespread. It is no

longer adequate to consider cerebellar functions in

relation to the proprioceptive system alone. While

it is undoubtedly true that impulses from propriocep-

tive receptors constitute one of the major sources of

cerebellar input, it is equally true that other varieties

of sensory input and input from other portions of

the brain cannot be neglected in any attempt to

understand cerebellar function. Many of the sources

of cerebellopetal impulses have been defined ana-

tomically for years, and the electroanatomical studies

in such cases have served largely to confirm and to

refine the findings of the older investigations. The
new information derived from electroanatomical

investigations emphasizes the effectiveness and the

distribution of impulses from auditory, visual, cu-

taneous and interoceptive sources as additions to the

proprioceptive input. It is important to understand

also that, even though the surface sign of the evoked

potential is essentially the same for all cerebellopetal

pathways, the physiological effects of the cerebello-
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petal influence may consist of inhibition as well as of

excitation.

The complete significance of the variety of sources

of cerebellopetal influences will become clearer as

the information concerning the results of stimulation

and extirpation is de\'eloped later in this chapter.

At this juncture it is sufficient to point out that in

order to bring about coordination of reflex and

voluntary movements, the cerebellar mechanisms

require a continuous flow of information from all

possii)le sources. Complex motor acts such as that

of deglutition, or of shifting visual attention from one

to another oi)ject of regard, could scarcely be prop-

erly coordinated without the assistance of sensory

impulses of interocepti\e origin or of visual origin

nor without the information carried by impulses

originating from the volitional mechanisms of the

cerebral cortex.

The demonstration of tlie existence of localized

receiving zones for some forms of cerebellar input,

and the contrasting demonstrations of more or less

diffuse and overlapping recei\ing zones for cere-

bellopetal impulses, have left unsolved many old

problems of localization of function in the cerebellar

cortex. The overlap of spinocerebellar and cerebro-

cerebellar projections in the anterior lobe was pre-

dicted on the basis of histological studies and com-

pletely nullifies the concept that the paleoccrebellum

is the exclusive mediator of spinocerebellar rela-

tionships. On the other hand, if it is granted that the

paramedian loljules may ije activated by association

fibers (i6g), what has been called the neocerebellum

may indeed be regarded as the exclusive mediator of

cerebrocerebellar relationships. Within that portion

of the cerebral cortex which is shared by spinocere-

bellar and cerebrocerebellar input, and which is also

related through the fastigius and interpositus to

extracerebellar structures, the significance of the

localized areas for afferent projection remains un-

certain. As Combs himself points out, there are

serious anatomical objections to calling upon the

lateral reticular nucleus of the medulla to bear the

entire burden of .such localized projections as have

been demonstrated. When experimental conditions

are proper for the observation of unlocalized activity

within this portion of the cerebellum, it is impossible

to say at present whether this is the result of a truly-

diffuse projection, in the physiological sen.se, or

whether the projection is actually to specific cortical

neurons which are not segregated into special com-

partments on a somatotopic basis.

The third concept of importance which derives

from the electrophysiological studies consists in the

striking and dramatic evidence afforded by micro-

wire studies of unit discharges from brain-stem nuclei

of the manner in which cerebellar mechanisms

operate with respect to the primary transmission

pathways of the l;)rain. In tiie light of these findings,

it seems not unreasonable to regard the cerebello-

fugal impulses as playing their role i)y modulating

the excitability of key neurons in transmission path-

ways which receive their principal activation from

sensory sources or sources higher in the brain. By
converging upon neurons primarily activated from

other sources, cerebellar impulses might be able to

e.xert an important control over traffic on the path-

way even though the pathway does not, anatomi-

cally, course through any part of the cerebellum.

FUNCTIONAL ALTERATIONS PRODUCED BY

CEREBELLAR STIMULATION

The major portion of the work reported during

the nineteenth century must be regarded as almost

useless because of the failure of investigators to dif-

ferentiate carefully between responses produced by

cereisellar stimulation and those produced by stimu-

lation through spread of current to nearby brain-

stem structures. It must i)e remembered that the

characteristics of excitability of neuronal structures

were very poorly understood and that techniques for

the control of stimulatina; pulse parameters were

practically nonexistent. For more complete informa-

tion concerning these earlier papers the reader

should consult van Rijnberk (346-348), Brun (53),

Spiegel (315) or ten Gate (324).

In 1897 Lowenthal & Horsley (187) and Sher-

rington (295) first described inhibitory reactions

which were certainly due to stimulation of the cere-

bellar cortex. Nevertheless, Horsley & Clarke (160),

describing experiments on anesthetized animals,

later concluded that the cerebellar cortex was not

excitable by direct electrical stimulation. This er-

roneous conclusion coupled with the fact that many
investigators were looking for phasic movements

such as those produced by stimulation of the cere-

bral cortex, served to impede progress in this line of

experimentation for many years. Since that time, the

realization that anesthesia severeh depresses re-

sponses to cerebellar stimulation has conditioned the

choice of experimental preparation with the result

that a great many investigations have been carried

out on unanesthetized decerei:)rate animals. This
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means that the larger share of observations have

dealt with responses which are superimposed upon

the abnormal background of decerebrate rigidity.

This fact has certainly colored the general viewpoint

of cerebellar function as revealed by stimulation in

such a fashion as to emphasize the role of the cere-

bellum in relation to postural reactions.

Due to technical difhculties, cramped spatial rela-

tions and a certain lack of interest, the literature on

the reactions of submammalian forms to cerebellar

stimulation is quite scanty. The major portion of

such investigations has been carried out on birds,

and the results serve to establish the general similari-

ties of avian responses to mammalian responses,

although some very interesting specific questions have

been raised (34, 43, 46, 70, 192, 193, 200).

Stimulation of Cerebellar Cortex

ELECTRicwL sTiMUL.ATioN. Any attempt at a brief ex-

position of the studies of responses to electrical

stimulation of the cerebellum is complicated by

several difficulties. Since the cerebellum is so sensi-

tive to general depressing influences, it is no surprise

to encounter variations in results from one study to

another. The significance of anatomical details has

not been appreciated by all investigators with the

result that foci of stimulation are not always clearly

described. The responses themselves are complex

and often appear in opposite sign in various limbs.

In the following, the attempt is made to divide the

material anatomically and to discuss further on the

basis of a functional suijdivision in terms of response

types.

Anterior Lohe: I'ermian Portion. Cerebellar cortical

stimulation in the vermian portion (between the

paravermian veins) may give rise to a decrease, in-

hibition, or an increase, facilitation, of pre-existing

motor neuron discharge. Since the inhibitory re-

sponses have priority both by virtue of longevity and

by sheer weight of paper devoted to their descriptions,

they will be considered first.

As indicated earlier, Sherrington (295) and Lowen-
thal & Horsley (187) first described inhibition of

decerebrate rigidity during cerebellar stimulation in

cats, dogs (187) and monkeys {295). The collapse of

rigidity was said to be prompt and complete on the

ipsilateral side but also involved contralateral limbs.

There followed a long period during which anterior

lobe stimulation was not effectively used as an inves-

tigative tool, a silence that was broken by Bremer's

classic papers describing the inhibitory response in

greater detail and describing also the powerful re-

bound contraction at the end of stimulation (32).

Since that time, the inhibition of tonus accompany-
ing cerebellar stimulation has been the subject of

numerous studies (23, 33, 35, 96, 210, 221, 232-238,

309, 310, 317). Many of these studies have made
contributions to the presently held conclusion that

inhibition of decerebrate rigidity on the ipsilateral

side is the result of stimulation of the truly vermian

portion of the anterior lobe with threshold shocks

above 40 per sec. It has been demonstrated (152)

and confirmed (236, 310) that there is a certain de-

gree of somatotopic localization within the area

under consideration in that the forelimb is most

easily affected from the culmen (I\', \'), the hind

limb from the centralis (III) and the tail from the

lingula (I). This somatotopic arrangement is easily

obliterated by slightly suprathreshold stimulation

(267, 268). The inhibition of forelimb extensor tonus

is not reciprocal inhibition of spinal origin since it is

not accompanied by contraction of the fle.xor muscles

and since it develops more slowly, lasts longer and

shows recruitment (32, 96, 237, 317). The extensor

inhibition is extremely powerful in the sense that it

cannot be overcome by maximal vestibular and pro-

prioceptive reinforcement of decerebrate tonus (222-

224).

It is also important to note that inhibition of many
other activities of the brain and spinal cord may also

be observed during stimulation of the vermian por-

tion of the anterior lobe. Not only is decerebrate

tonus decreased by cerebellar stimulation, but the

crossed extensor reflex and its myotatic appendage

may also be obliterated (32, 219). The running move-

ments of high decerebrates may be halted (32)

and the somatic and autonomic components of sham
rage in the thalamic animal may be held in abeyance

(231 ). Vasomotor reflexes (225, 226) and galvanic skin

reflexes (355) are among some of the simpler auto-

nomic functions inhibited by cerebellar stimulation.

Movements induced by chemical (227-229) and elec-

trical (309, 310) stimulation of the cerebral cortex

may be blocked by cerebellar inhibition. The strych-

nine convulsion of the spinal cord (37) may be re-

duced in frequency but not in amplitude by cerebellar

inhibition (330, 331). And finally, of utmost impor-

tance, is the observation that gamma neuronal ac-

tivation of muscle spindles may be inhibited by

cerebellar stimulation (134, 137).

In spite of these numerous observations of the

powerful and widespread inhibitory effects of stimu-

lation of the anterior lobe vermis, the same cerebellar
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areas may also give rise to facilitatory influences.

These have appeared in three basic forms: a) aug-

mentation of extensor tonus in the ipsilateral fore-

hmb, /)) augmentation of extensor tonus in the con-

tralateral forelimb, and c) augmentation of ipsilateral

extensor tonus as a postinhibitory rebound phe-

nomenon.

Augmentation of ipsilateral extensor tonus and of

extensor reflex contractions was noted from time to

time as an unexplained deviation from the usual ex-

perimental findings (32, 96, 220). The suggestion

(96) that the anterior lobe contains a mixture of cells

of opposite potentialities received strong support from

observations by Moruzzi (232-238) that extensor

inhibition was converted into extensor facilitation

by the simple maneuver of lowering the frequency of

stimulation. This observation has been confirmed

(47> 33 1 "334) ^nd indicates that the anterior lobe

vermis has the double potentiality for inhibition and

facilitation over frequency selective efferent paths.

The preponderance of inhibitory observations is

probably due to the prevalence of the use of stimuli

in excess of 30 to 40 per sec. which activate the power-

ful and overwhelming inhibitory mechanisms.

The auginentation of contralateral extensor tonus

in the decerebrate animal which has been empha-

sized so strongly by Sprague & Chambers (317)

as a predictable result of stimulation of the anterior

lobe vermis may now be regarded as an established

and regular event accompanying stimulation with

slightly higher voltages than required for ipsilateral

inhibition. These observations have been confirmed

(267, 268) with the added information that contra-

lateral augmentation of extensor tonus is supplanted

by contralateral inhibition such as originally seen by

Sherrington (295) and by Lowenthal & Horsley

(187) if the voltage of stimulation is increased slightly

more. If activation of the contralateral side of the

cerebellum, or of its efferent pathways, is surgically

prevented, the contralateral inhibition of tonus with

higher voltages disappears and the augmentation

reappears.

The remarkable and dramatic augmentation of

ipsilateral extensor tonus following inhibitory stimu-

lation, post-inhibitory rebound (32), is the third form

of facilitatory reaction which may be evoked by cere-

bellar stimulation. Despite its clear and regular

manifestations, it still remains unanalyzed. It is pos-

sible that rebound contractions are not, strictly

speaking, to be ascribed to cerebellar discharge con-

tinuing after the cessation of the stimulation.

Anterior Lobe: Intermediate Portion. The first reliable

evidence that the anterior lobe is not equipotential

over its entire surface was derived from the studies of

Stella (318) who noted facilitation of ipsilateral

forelimb tonus which was not abolished by removal

of the N'ermal portion of the anterior lobe. These

results were soon confirmed and extended bv Hamp-
son et al. (150-152). In quadrupeds only the medial

three fifths or vermal portion of the anterior lobe gave

rise to the type of responses just described in the pre-

ceding paragraphs. The stimulation of the lateral two

fifths, or intermediate portion, on the other hand,

produced ipsilateral extensor facilitation coupled

with flexor rebound. These observations were con-

firmed in the quadruped (230) and in the monkey

(151). The monkey shows a broader extension of the

facilitatory response, a species difTerence which was

also noted by Snider et al. (310). Sprague & Cham-
bers (317) also point out that increasing the strength

of stimulation augmented the intensity of the response

but did not alter its quality. Working with decere-

brate preparations which had been subjected to

chronic destruction of the fastigial nuclei to eliminate

all responses from the vermis, and by careful atten-

tion to the state of the preparation and to selection

of stimulus parameters, Pompeiano (269, 270) has

been able to evoke two types of responses regularly

from the intermediate portion of the anterior loije.

He divides it into a medially placed strip from which

may be elicited ipsilateral active flexion and con-

tralateral extension (23, 96, 150, 152) and a laterally

placed strip the stimulation of which brings about

ipsilateral extensor facilitation (150, 230, 317, 318).

It was presumalily during activation of the lateral

strip that Granit & Kaada (137) made the very

significant observation of augmented gamma neuron

discharge (see also 134).

Anterior Lobe: Efferent Patlts. The distribution of the

efferent pathways mediating these various responses

has been clarified h\ physiological experiments guided

by the detailed anatomical studies of the Oslo school

(169).

Sprague & Chambers (317) have reported thai

responses characteristic of the vermal portion of the

anterior lobe are duplicated by stimulation of the

nuclei fastigius, the inferior cerebellar peduncle and

the medial reticular formation of the medulla, ob-

servations which have been confirmed by Ricci &
Zanchetti (279). These results thus support the ob-

servations of Bernis & Spiegel (23) that inhibition

from the anterior lobe vermis is abolished by section

of the inferior cerebellar peduncle.

In a careful series of experiments, Moruzzi &
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Poinpeiano (243, 245, 246) have demonstrated a

functional subdivision in the fastigial nucleus. Small,

highly selective lesions in this nucleus have enabled

them to differentiate the pathways for \ermal ipsi-

lateral inhibition and vermal ipsilateral facilitation.

Inhibitory acti\ity courses through the rostrolateral

portion of the nucleus and faciiitatory activity is

mediated by the rostromedial portion of the nucleus.

Both paths then rejoin in the ipsilateral inferior

cereljellar peduncle.

Pompeiano (267, 268) has demonstrated that the

contralateral augmentation of e.xten.sor tonus accom-

panying slightly suprathreshold stimulation of the

anterior lobe \ermis is dependent upon fastigiobulbar

fibers which cross after leaving the cerebellum. Evi-

dence is also offered suggesting that the total response

is organized by bulbar or spinal mechanisms.

The ipsilateral faciiitatory response to stimulation

of the hemispheral portion of the anterior lobe may
be duplicated by stimulation of the nuclei interpositus,

superior cerebellar peduncle and lateral reticular

formation of the medulla (317). In cats with chronic

fastigial lesions, it has been found that responses of

the two hemispheral strips (245, 270) are mediated

through the anterior one third of the nucleus inter-

positus. It would appear that the ipsilateral flexor

response from the medial strip courses through the

medial side of the cephalic portion of the nucleus

while the ipsilateral facilitation oi extensor tonus

from the lateral strip courses through the lateral

side of the cephalic portion of the nucleus.

The course of these pathways within the brain

stem has been the subject of some investigation.

Inhibitory responses to vermal stimulation are still

obtainable after postcollicular decerebration (219,

234, 310) and so must be mediated through pathways

confined to the lower pons and medulla. However,

it has l:)een demonstrated (23, 32) that rigidity in-

creases after postcollicular decerebration as though

some inhibitory influences were operating over the

superior peduncle and mesencephalic pathways.

Hare, Magoun & Ranson (153) suggested that such

activity migiit be conveyed over fibers of the brachium

conjunctivum descending from the level of the red

nucleus. Pompeiano's (270) observations indicate

that the ipsilateral flexor response from the medial

strip of the hemispheral portion of the anterior lobe

is conveyed over a doubly crossed pathway involving

the contralateral red nucleus. Thus, this response

would not be obtainable in postcollicular preparation.

The ipsilateral extensor facilitation, on the other

hand, persists after postcollicular decerebration

and is organized at the medullary level.

The results of Nulsen et al. (254a) which have

appeared only in preliminary form have not been

confirmed physiologically and cannot be reconciled

with present anatomical information.

The spinal pathways of these cerebellar responses

ha\e not been clearly isolated as discete tracts. It

would appear that {163, 269) the descending im-

pulses are conveyed over diffusely scattered fibers in

the lateral and ventral funiculi which do not cross

at the spinal level. This description of transmission

pathways is the same as the description of the reticulo-

spinal tracts (254).

Anterior Lobe: Locus of Action. The locus of these

faciiitatory and inhibitory effects has not been clearly

determined. The .suggestion has frequently been made
that the inhibitory action is located in the spinal cord

(96, 219, 330, 331). However, in view of the influence

of cerebellar discharge upon the reticular formation

(310, 349, 350) and on the vestibular nuclei (97), it

is possible that the initibitory effects may appear as

the result of cessation of facilitation from inhibited

brain-stem structures. Although no data have been

presented, it is also possible that the faciiitatory effects

may be equally indirect. Granit et al. (135) stress the

necessity for considering both the alpha and gamma
motor neurons as final common paths for cerebellar

influences.

Posterior Lobe: Postural Tonus. The occurrence of

responses similar to those obtained from the anterior

lobe has also been reported as a result of posterior

lobe stimulation. Among the reactive foci are the

simplex (VI, H VI) (152, 334), pyramis (VIII A,

VIII B) (32, 152, 317, 334), uvula (IX) (317) and

paramedian (H VII B, H VIII A) (152, 308, 310,

317). One gains the impression that the.se responses

are not as reliably produced or as powerful as those

derived from stimulation of the anterior lobe.

Posterior Lobe: Eye Movements. Conjugate deviation

of the eyes has been reported as a result of posterior

vermis stimulation by numerous investigators (36,

86, 104, 112, 152, 153, 161, 231, 233, 250). These

have been obtained from the folium and the tuber

vermis (VII A, VII B), simplex (\'I) and pyramis

(VIII A, VIII B).

Posterior Lobe: Cerebral Cortex. It is notable that

movements or alterations of tonus as primary events

resulting from cerebellar stimulation have almost

exclusively been related to the stimulation of vermal

structures in the anterior and posterior lobes. Never-

theless, stimulation of the cerebellar hemispheres,
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w hilc not productive of primary alterations of motor

neuron activity, has been found capable of allerina;

the motor functions of the cerebral cortex. This in-

fluence of the cerebellar cortex upon phenomena re-

lated to cerebral function has been demonstrated in

terms of a) changed cortical excitability to chemical

and electrical stimulation, b) alterations produced

in movement evoked by stimulation of the cerebral

cortex and c) alterations in the electrical activity of

the cerebral cortex. In order to avoid presenting the

distorted impression that only hemispheral stimula-

tion alters cerebral function, it will be more con-

venient to consider these studies in a separate section

devoted to cerebellocerebral relations.

Flocculonodular Lobe. The flocculus and nodulus

(X, H X) are so near the medulla that effective stimu-

lation localized to this portion of the cerebellum prob-

ably has never been achieved (251, 287).

OTHER FORMS OF STiMCL.^TioN : Chemical. Of the older

studies of chemical stimulation, perhaps the most

demanding of attention were those of Pagano (257,

258). Pagano reported experiments performed on

unanesthetized dogs wherein he stimulated the cere-

bellum h\ injections of curare into the substance of

the cerebellar cortex. Injections into the hemisphere

were reported to produce ipsilateral tonic movements

followed by generalized seizures, the later dependent

upon the motor cortex. Similar injections into the

vermis were reported to produce behavior patterns

like those seen in deep anxiety and extreme fear.

Pagano's conclusions concerning the role of the cere-

bellum in the sphere ot emotion and emotional ex-

pression aroused considerable controversy which has

been reviewed bv ten Gate (324) and van Rijnberk

(348).

In later years, chemical stimulation, principally

with strychnine, has been used largely as a control

procedure to verify the cortical origin of responses to

electrical stimulation of the cerebellar cortex (207-

209, 298). The reported observations fall well into

line with observation of responses to electrical ac-

tivation.

Mechanical. Mechanical stimulation presumably

produces its results by initiating a discharge of im-

pulses from injured and dying cells and thus is not a

reversible procedure. It does have the advantage that

local injury of the cerebellar cortex will produce re-

sponses which can reliably be interpreted as originat-

ing from the injured focus, rather than from some

nearby structure. Clark's studies (71) with their ex-

cellent histological controls are inidoubtedly the most

reliable of this group. Mechanical stimulation pro-

duces the same pronounced responses and prolonged

aftereffects as electrical stimulation in the unanesthe-

tized animal. The results of electrical stimulation will

be described in detail below.

Stimulation uj Interior of Cerebellum

The original studies of Horsley & Clarke, in which

the first application of the stereotaxic technique was

made (160) were carried out on deeply anesthetized

monkeys, and while responses were produced by

stimulation of deeper portions of the cerebellum the

profundity of anesthesia undoubtedly interfered with

the reliable demonstration of function. Poorly con-

trolled studies were also made by others {250, 291).

Miller & Laughton {211, 212) stimulated the sur-

gically exposed cerebellar nuclei in decerebrate cats

and, in spite of trauma and poor general state of the

preparation, were able to obtain reliable responses.

Activation of the dentate nucleus was accompanied by

ipsilateral foreleg flexion with little contralateral

effect. The interpositus and the globosus produced

similar forelimb flexion accompanied by contralateral

extensor inhibition, the cessation of stimulation being

followed by rebound. Activation of the fastigius pro-

duced strong active flexion of both forelimbs with

powerful rebound.

The technique of Horsley & Clarke has been re-

applied to lightly anesthetized cats (154, 196), de-

cerebrate cats {153) and lightly anesthetized monkeys

(195). Several varieties of responses were obtained

during careful mapping of the interior of the cere-

bellum which cannot be completely reviewed here.

It is enough to note that dentate stimulation was not

characterized by any specific variety of responses.

Stimulation of the intermediate nuclei produced local

limb responses consisting of relaxation from any exist-

ing posture followed by poststimulation rebound to

that posture. Fastigial stimulation produced responses

in all four limbs, flexion ipsilaterally and extension

contralaterally, with strong poststimulation rebound

which was not dependent upon afferent activity from

limb proprioceptors or vestibular afferents.

The serial stimulation of portions of the cerebellum

in an attempt to define the cerebellofugal pathways

has been mentioned in the section devoted to that

subject. In addition to such studies, others have been

devoted primarily to a definition of the responses to

nuclear stimulation in selected portions of the cere-

bellar nuclei in decerebrate cats. Stimuli applied to

the caudal pole of the fastigius reproduce the results
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of Stimulation of the pyramis in that they induce ipsi-

lateral inhibition and contralateral facilitation of

rigidity (244, 247). Stimulation of the interpositus is

reported to produce an increase in ipsilateral rigidity

(272), but the flexor rebound noted by previous in-

vestigators (153, 154, 317) was not observed. Koella

notes that influences upon decerebrate rigidity origi-

nating in the labyrinths summate with the effects of

stimulation of various points in the interior of the

cerebellum (173). The same author has also described

the complicated movement patterns which may be

provoked in the unrestrained unanesthetized animal

bv stimulation of the medial basal portions of the

cerebellum (174).

Cerebellocerehral Interactions

It was indicated earlier that influences originating

in the cerebellar cortex have been shown to aff^ect the

motor functions initiated at the cerebral cortex and the

electrical activity of the cerebral cortex.

MOTOR FUNCTIONS. Cerebellar stimulation has been

demonstrated to influence motor functions of the

cerebral cortex using both the threshold to stimulation

and the responses evoked by stimulation as criteria for

study. Rossi's original observation (282) that the

threshold of the motor cortex to electrical e.xcitation

is lowered during stimulation of the ansiform lobules

(H VII A), paramedianus (H VH B, H VIII A)

and the posterior vermis (VI to IX) have been ade-

quately confirmed (36, 114). No somatotopic ar-

rangement was detected in these studies.

Lowcnthal & Horsley (187) early reported that

movement evoked by stimulation of the motor cortex

was augmented by stimulation in the area of the

lateral vermis near the hemisphere. Using both the

convulsive discharge of the motor cortex occurring

during chloralose anesthesia as well as strychnine-

induced clonus, Moruzzi (227-229) has described

both facilitatory and inhibitory results from stimula-

tion of the cerebellum. With stimulation of the culmen

(IV, V) phasic and clonic movements would ijreak

through a background of tonic inhibition. From the

ansiform lobule (H VII A) subthreshold convulsive

activity could be converted into overt con\ulsions.

As was the case for decerebrate rigidity and for re-

flexly evoked contractions, cortically-induced phasic

movements were also inhibited (309, 310) by stimula-

tion of the culmen (IV, V) in the cat and more pre-

dominantly augmented by anterior lobe stimulation

in the monkey (308). From the intermediate and

lateral parts of the vermis and from the paramedian

lobules, evidence of somatotopic organization was

derived (308).

The question of locus of these effects has not been

dealt with critically. Facilitation and increase of ex-

citability may be a cortical or a brain-stem function,

as may be inhibition (6, 349, 350).

ELECTRIC-^L ACTIVITY OF CEREBR.'kL CORTEX. TwO
types of alteration of electrocortical activity have been

described as resulting from cerebellar stimulation.

Walker observed an increase in the rate and amplitude

of cortical waves in the motor areas of the cat 'en-

cephale isole' during stimulation of the cerebellar

hemispheres (353). Similar effects have been ob-

served as a result of application of strychnine to the

lobulus ansiformis (H VII A) and appear only in

the contralateral sigmoid gyrus (60). Picrotoxin,

prostigmine, pentylenetetrazol (Metrazol) and di-

isopropylfluorophosphate (DFP) produce similar

changes when applied to the ansiform lobule (88).

On the other hand, electrical (87, 213, 242) and chem-

ical (88) stimulation of the vermis converts the

rhythmic activity of the resting cortex into the low

voltage fast activity of the arousal and initiates changes

in the steady potential of the cortex (103). Even

seizure activity is reported to be desynchronized by

cerebellar stimulation (305). Cooke & Snider (80)

indicate that this sort of change can be produced from

many portions of the cerebellum and interpret their

results as indicative of a localized cerebellocerebral

relationship.

It appears most probable that the localized effects

on the motor cortex are mediated over the dentato-

rubrothalamic pathways whereas the production of

a generalized activation pattern is a function of cere-

belloreticular paths.

Stimulation Through Chronii ally-Implanted Electrodes

Recognizing the barriers to the acquisition of com-

plete information presented by the necessity for work-

ing either in the presence of depressing anesthesia or,

alternatively, against the background of disturbed

postural tonus of the decerebrate animal, several

studies have been carried out using chronically-

implanted electrodes to stimulate the cerebellum in

freely-moving unanesthetized animals.

From points scattered over the ansiform lobules

(H VII A), the paramedian (H VII B, H VIII A)

and the posterior vermis (VI-IX), and from a few

points on the posterior edge of the anterior lobe (V),
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Clark (72) reports that complicated patterns of move-

ment may be evoked by electrical stimulation. These

patterns are constant from day to day and differ from

point to point. The response pattern starts with the

production of a sustained abnormal posture during

the stimulation, forceful rel)ound immediately after

the stimulation and then continues in a long sequence

of bizarre postures lasting several minutes as they

progress in slow lesiurely fashion from one part of

the body to another. Similar '.seizures' are produced

by mechanical stimulation (71) and by stimulation

of certain interior portions of the cerebellum (65).

The 'seizure" is present after bilateral cereiiral de-

cortication and deafferentation (73, 74).

If the cerebellum is split in the mid-line, the 'seizure'

is unilateral but is capable of crossing small ijridges

of intact cortex anteriorly and posteriorly. McDonald

(205) has repeated this type of experiment using im-

plants on the anterior lobe. During stimulation, slow

collapse of extensor tonus occurs in the ipsilateral

forclimb or hind limb, depending upon the location

of the electrode. This is at times accompanied by

contralateral extension and is followed by post-

stimulation rebound and seizures. Sprague & Cham-

bers (317) indicate that with threshold stimuli ap-

plied to the fastigial nucleus, the same responses are

seen in the unanesthetized as in the decerebrate

animal, and that if the voltage is raised seizures may

occur.

Perspective

The organization of this portion ol the chapter on

the cerebellum was constructed in an attempt to help

the reader discover the meaning and significance of

the varieties of experiments which have dealt with

cerebellar stimulation. Certainly this is a difhcult task

in the light of the amount of data which has been

accumulated. Even more difficult is the task of under-

standing the details of the mechanisms involved in

the production of responses to cerebellar stimulation.

It is obvious, particularly in this last respect, that we

do not yet know enough to arrive at any clarity of

understanding. However, certain superficial general-

ities may be worth emphasizing in the way of a sum-

mary, even if the remarks only repeat what has been

said many times before.

In spite of the bias introduced through the use of

the decerebrate preparation in so much of this work,

it nevertheless remains clear that cerebellar activities

are principally related to the adjustment of tonus of

striated muscle. This is simply a different way of say-

ing that the initiation or precipitation of motor neuron

discharge does not seem to be the principal task of the

cerebellum. Instead, its forte is in the adjustment and

regulation of the time-space pattern of motor neuron

discharge precipitated by activity in some other por-

tion of the ner\ous system. This appears evident from

the time course of the reactions to cereljellar stimula-

tion which are somewhat more leisurely and pro-

longed than those resulting from cerebral or reflex

stimulation. It also may be inferred from the manner

in which cerebellar influences add to and subtract

from the potency with which cerebral and reflex

mechanisms may govern motor neuron activity.

While the function of the cerebellum as a whole

may i)e regarded in this general light, there are indi-

cations that not all portions of the cerebellum are

equipotential insofar as the mechanisms through

which these influences are brought about are con-

cerned. Since so little has been accomplished with

the vestibular portions of the cerebellum in experi-

ments involving stimulation, it is justifiable to dismiss

this portion from our present considerations. The most

important diff"erences relate to the mechanism of

function of the anterior and posterior lobes. The

differences are not mutually exclusive and sharply

defined, but in the present state of our knowledge it

seems justifiable to emphasize them.

The anterior loije would appear to be concerned

primarily with the regulation of motor neuron re-

sponse to reflex control mechanisms. In the execution

of this function its influences are exerted upon de-

scending pathways involving portions of the extra-

pyramidal motor nuclei such as the red nucleus, the

reticulospinal systems descending from the brain-

stem tegmentum and the vestibulospinal systems.

There is ample evidence that both facilitatory and

inhibitory capabilities, necessary to proper operation

of any control system whether biological or physical,

are also possessed by this control system. While the

pathways over which these functions leave the cere-

bellum have been fairly well clarified, it remains un-

certain whether the final mechanism is uniform for all

aspects of function. For example, we still do not know

whether all inhibitory responses are brought about

by cerebellar activation of a brain-stem inhibitory

mechanism or whether some may be brought about

by cerebellar inhibition of a brain-stem facilitatory

mechanism. The fact that the cerebellum also par-

ticipates importantly in the control of the gamma
motor neurons as well as in the control of alpha motor

neurons is a new and promising oliscrvation which
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dictates the reanalysis of many aspects of responses to

cerebellar stimulation.

The posterior lobe, particularly the hemispheral

portion, in keeping with its phylogenetic history, seems

to turn its attention in the other direction, toward the

modification of cerebral control of motor neuron

discharge. This is in part inferred from the paucity

of reports of movement initiated by stimulation of the

hemispheres. It is likewise inferred from the fact that

the thresholds to stimulation of the motor and elec-

trical activity of the motor cortex are altered during

hemispheral stimulation. The evidence is not yet

clear as to how much of this 'upstream' influence

from the cerebellum influences the cerebral cortical

functions themselves. Certainly the alterations in

electrical activity and probably the alterations of

excitability represent a response of the cerebral cortex

per se. On the other hand, the various alterations pro-

duced by cerebellar stiinulation during movement

evoked by stimulation of the cerebral cortex may,

and probably do, depend upon alterations in ex-

citability produced somewhere along the subcortical

pathway to the motor neuron, and perhaps even at

the motor neuron.

Although segregations and sequestrations of func-

tion such as those just outlined are attractive in that

they seem to help create order in a confused situation,

they cannot be adhered to dogmatically. Surely,

there are evidences of overlap and the margins are

not clear. And this is as it should be, for in any well-

run organization it is essential for the "right hand"

to know what the 'left hand' is doing. I'hus, altera-

tions of cortically-induced function may be obtained

from the anterior lobe and alterations of tonic motor

neuron activity may be obtained from the posterior

lobe. The potentialities for communication within

the cerebellum are tremendous on the basis of solely

anatomical considerations. That there is functional

order within this rich network is strikingh' demon-

strated by the stability of the patterns of induced cere-

bellar seizures In unanesthetized animals.

From the anatomical point of view, somatotopic

organization within the efferent pathways from the

cerebellar cortex is of a high order as regards cortico-

nuclear relations (169). However, ijeyond this point,

anatomical data are inadequate to support the func-

tional evidences of somatotopy which have been noted.

It is important to recognize that such functional evi-

dence of somatotopic relations is demonstrable only

with threshold stimuli and disappears under condi-

tions conducive to intracortical spread of activity.

.^LTER.^TIONS OF FUNCTION PRODUCED BY

CEREBELL.iiR DESTRUCTION

Introduction

Nothing could be more logical than to attempt to

define the function of an organ by noting the de-

ficiencies suffered by an organism after its destruction

in whole or part. Although this method of approach

to cerebellar physiology has the longest and the most

crowded history, many of the studies have not been

susceptible of accurate interpretation. Here again, the

drawbacks introduced through lack of anatomical

knowledge and lack of attention to histological con-

trols have resulted in a great deal of confusion, par-

ticularly in the older literature. Lesions made surg-

ically were not always confined to the areas intended;

secondary destruction resulting from disturbances of

blood supply occurred; and lesions resulting from

simple exposure and from inadequate closure tech-

niques complicated the picture (122). Further diffi-

culties arose through lack of understanding of terms

used to describe deficiencies, and some of the most

hotly contested points seem to have hinged on defini-

tions and methods of examination designed to display

deficiencies. On the other hand, these defects are by

no means universal, and much of the older work has

been repeatedly confirmed by later investigators.

The studies of the results of ablation of cerebellar

material bear out the overwhelming importance of the

cerebellum in relation to the control of motor neurons

which was revealed by the studies of responses to stim-

ulation. Before entering into a consideration of the

ablation experiments, it would be well to consider

the meanings of some necessary words and phrases

without which the description of cerebellar signs

would be chaotic.

We owe to Sherrington (296) the clean definitions

of the two basic types of function subserved by striated

muscle. Striated muscle may serve in the 'main-

tenance of attitude' through tlie development of a

continuous isometric contraction. This type of con-

traction he called postural tonus. Sherrington empha-

sized the importance of postural tonus in antagonizing

gravity but also called attention to the role of postural

tonus in the maintenance of various portions of the

body in stable relationship to each other. Striated

muscles may also serve as 'organs of motion,' engaging

in brief periods of activity serving to move the whole

body or its parts. Such contractions are phasic in their

nature and may originate through reflex or voluntary

activation. This distinction between postural tonus,
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reflexly-evoked phasic contractions and voluntarily-

controlled phasic contractions is an important one

which should be borne in mind.

Through the many years of endeavor on the part

of physiologists and clinicians to describe the dis-

orders of posture and movement following cerebellar

lesions, a complicated terminology developed in which

similar words were often used with different meanings.

We owe to Holmes (158) the present system of defini-

tions which he evolved in his classic papers on cere-

bellar disease in man. This nomenclature was soon

adopted by clinicians. Walker & Botterell (354) intro-

duced these definitions into the physiological liter-

ature and they have been generally used by physi-

ologists since that time. The most important of these

terms are: a) cerebellar ataxia, a general term em-

bracing all motor phenomena of cerebellar deficiency

including dysmetria, tremor, decomposition of move-

ments, etc.; h) dysinetria, any disturbance in the

range of voluntary movement; r) hypermetria, an

excessive range of movement or overshooting; d)

hypometria, deficient range of movement resulting

in a failure to reach a goal ; e) decomposition of move-

ment, deficiency in the proper sequence and timing

of the components of a motor act;/) tremor, trembling

or oscillatory movements at rest (static tremor), dur-

ing an active movement (kinetic tremor) or the coarse

'hunting' oscillations occurring at the time of ap-

proach to a goal (terminal tremor); g) tonus, the

slight constant tension of healthy muscles which

contriljutes a slight resistance to passive displacement

of a limb; and /;) hypotonia, deficiency in tonus mani-

fest as a diminished resistance to passive movement.

All submammalian forms have been subjected to

a certain amount of experimentation with varying

degrees of control and with varying degrees of pro-

ductiveness. The older literature on these forms has

been reviewed by ten Gate (325 to 327). Bremer and

his colleagues (34, 45) and Chiarugi & Pompeiano

(69) have more recently done carefully controlled

studies on the ablation of the cerebellar cortex and

nuclei in birds. Space limitations permit only the

observation that these studies demonstrate that, in

some respects, birds react difTerently to cerebellar

ablation than mammals and that special problems are

thus encountered. Nevertheless, the decerebellate

bird has been reported to show an exaggerated posi-

tive supporting reaction (45) comparable to that later

described in the mammal (277).

Total Ablation

The many experiments performed by Luciani, ex-

tending over a span of 10 years, first described in

Italian in 1891 (188), later in German (189) and then

in English (190), still stand as a solid foundation

underlying the results of later studies on the effects

of cerebellar ablation. Although his descriptions have

not gone without challenge from time to time, there

is at present almost no need for change or emenda-

tion. Luciani divided the postoperative course of his

animals into three phases. His first stage constituted

a period of excessive motor activity, a period of dy-

namic signs which he referred to as 'functional ex-

haltation.' The second stage was a period during

which motor deficiencies were the outstanding charac-

teristic of the animal's behavior. The third stage

constituted a stable state which developed as the

animal became able to compensate for his deficiencies.

Luciani gave reason to consider that compensation

occurred in two ways: a) through a process of organic

compensation involving new activities on the part

of remaining portions of the brain and h) through a

process of functional compensation by virtue of which

the animal learned to correct the deficits produced by

cerebellar ablation. As Moruzzi & Dow (241) point

out, the processes of compensation undoubtedly start

immediately after the production of a cerebellar lesion.

For this reason they consider it more logical to sub-

divide the postoperative course into a period of un-

stabilized deficiencies and a period of stabilized de-

ficiencies. In the paragraphs to follow, an attempt will

he made to describe the various manifestations of

cerebellar remo\'al in terms of their functional nature,

considering first the subprimate forms and indicating

the important difTerences which have been noted in

the primates.

SIGNS OF INHIBITORY wiTHDRAW.^iL. During the first

5 to 10 days following total remo\al of the cerebellum,

dogs and cats are agitated and restless. They are

unable to stand, and, lying in the cage, exhibit periods

of exaggerated opisthotonus coupled with rigid ex-

tension of the forelimbs, alternating clonic move-

ments of the hind limbs and ocular convergence (113,

114, 182, 183, 188-190, 274-277, 335). As improve-

ment occurs and the animal attempts to attain the

upright posture, the forceful extension of the fore-

limbs often throws the animal over onto its back.

Luciani was unable to establish firmly the reason

for this behavior, considering it most probably to be

due to irritation and iniurv discharges from the site
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of the ablation. The estabHshment of the role of in-

hibitory withdrawal in the production of these signs

grew out of the observation that decerebrate rigidity

is remarkably augmented ijy removal of the cere-

bellum (22, 32). It remained only for Pollock & Davis

(262-265) through the reduction of cerebellar func-

tion by ischemia, and Camis (58, 59) through the

use of cold, to demonstrate that injury discharges

were not essential for the production of the signs of

overactivity. These latter investigators went a step

further with their demonstration of the importance of

the vestibular system in the production of these signs

through its excessive facilitatory influences on spinal

cord motor functions. Although at this stage of the

animal's recovery the major signs involve what might

be regarded as postural mechanisms, it was early

noticed that some reflex activities also share in the

efifects of inhibitory withdrawal. Tendon reflexes

(182, 183, 335) and many reflexes involved in the

maintenance of stance (277) become hyperactive

and remain so for months following the ablation.

The immediate postoperative signs of inhibitory

withdrawal are remarkably mild in the monkey as

compared to the quadruped (9, 123, 188-190, 249,

290). This form shows no opisthotonus, the forelimbs

are not rigidly extended but held in the flexed posture,

and the signs of functional exhaltation disappear in

2 to 3 days.

SIGNS OF FACILITATORY wiTHDRAW.AL. As the quad-

ruped begins to compensate for the overpowering

release from tonic inhibition, it begins to demonstrate

evidence of reduced motor neuron discharge giving

rise to signs which Luciani (188-190) called atonia

and asthenia. With the first attempts to right itself

and to assume the standing posture, the animal's hind

legs are completely devoid of weight-bearing func-

tion. Even the forelegs fail to sustain weight for long.

Later, the first attempts to walk are terminated by

the collapse of the hind limbs or by a fall precipitated

by forelimb collapse. The animal progresses through

a stage wherein he seeks the support of walls but

eventually emerges into the stage of stabilized de-

ficiency. The deficiency of postural tonus and the

weakness of muscular contraction are obvious only

during the early part of the deficiency period in the

animals with total ablation. They may be demon-

strated for longer periods of time in the hemidecere-

bellate animals in which there is opportunity to make

comparison with the normal side in the same animal.

The reality of the atonia and asthenia as a sign of

cerebellar deficiency was denied by Dusser de Barenne

(113, 114). It is possible that this investigator missed

the relatively brief period during which it may be

demonstrated in the totally decerebellate animal.

Dusser de Barenne suggested that atonia and asthenia

as described by Luciani were the result of inadvertent

damage to the vestibular nuclei. However, intentional

damage to the vestibular system produces an entirely

different syndrome in the chronic animal. In examin-

ing his animals for signs of asthenia or weakness, it

is possible that he confused evidences of weakness and

fatigability.

In the primate, the evidences of facilitatory with-

drawal are more profound and persistent than in the

quadruped (9, 123, 188-190, 249). Macaques were

unable to stand because of atonia and asthenia for a

protracted period after operation. As walking became

possible, it was accomplished only with lateral sway-

ing and with frequent pau.ses during hind limb col-

lapse.

DISORDERS OF PHASIC CONTRACTIONS. As the quadruped

gradually compensated for its deficiencies, locomo-

tion improved and the animal developed competence

in caring for itself. Full return to normal never oc-

curred after complete removal of the cerebellum and

residual deficits remained which manifested them-

selves most clearly in lack of adequate control of

phasic contractions. This was evident for both forms

of phasic contraction, whether reflexly or voluntarily

induced.

The phasic postural reactions, so carefully and com-

pletely examined and defined by Rademaker (277),

were found to be altered during the period of stabilized

deficiency. The reflex supporting reaction elicitable

from tactile and proprioceptive receptors in the feet

and toes was exaggerated. The changes of weight-

bearing strength which are produced by displacing

the body to one side revealed an exaggeration of con-

tralateral inhibition. The hopping reaction, which was

lacking early in the recovery period, was delayed and

poorly executed during this period. In addition to

these postural reflexes, tendon reflexes have been ob-

served to be hyperexcitable for months following com-

plete removal of the cerebellum (182, 183, 335). The

reflex status of the totally decerebellate primate has

never been reported as the subject of a detailed

study.

Perhaps the most dramatic of the permanent de-

ficiencies following total ablation are the deficiencies

of control in time and strength of voluntarily-ev'oked

phasic reactions. The various signs which are now

called collectively cerebellar ataxia, were first de-
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scribed completely by Luciani (188-190) who used

the term astasia. All observers since Luciani have

described the massive, coarse tremor of the head,

neck and shoulders. This tremor was particularly

evident when the animal approached a food dish,

gradually compensated but never completely dis-

appeared. The inadequacy of timing and direction

of movement of limbs which at first made walking

impossible gradually improved, but the animal always

walked with abducted limbs. In spite of the wide

base, poor placement of feet and timing of contrac-

tions frequently resulted in swaying for which the

animal could compensate only by crossing one leg

over the other.

For reasons which still remain unknown, not all

types of movement were ataxic. This was confirmed

by Dusser de Barenne (113, 114) who was struck b\

the normality of the .scratch refle.x, by the lack of dis-

turbance of the movements engaged in by dogs seeking

to bite fleas and by the grace of the movements by

which cats cleaned their snouts with their forepaws.

Becau.se of the ability of the decerebellate animal to

perform such complicated movements without ataxia,

Dusser de Barenne concluded that the major function

of the cerebellum was related to the control of loco-

motion.

The same evidences of cerebellar ataxia have been

described in the primate after total ablation (9, 123,

188-190, 249, 290). Munk (249) described clearly the

disturbance of progression in complicated movements,

a sign which Holmes (158) later called decomposition

of movement.

Unilatnal Cerebellar Ahlatwns

Since it had been recognized even prior to Luciani's

studies that signs of cerebellar deficiency were most

obvious on the ipsilateral side of the body, Luciani

considered the u.se of hemidecerebellation as one of

the most valuable experimental maneuvers (188-190).

He argued that such an ablation afforded the oppor-

tunity to compare a completely normal and a de-

ficient side in the same animal and thus obtain a more

sensitive measure of the induced deficiencies. Bremer

has pointed out the error of the assumption that the

effects of unilateral ablation are completely unilateral

(36) by demonstrating tiie diflferences between the

effects of a) splitting and removing one half of the

cerebellum, h) removing one cerebellar hemisphere

only, and i) sectioning the cerebellar peduncles of one

side. Furthermore, histological changes on the 'intact'

side inevitablv occurred (301 ) after lesions which were

strictly unilateral in their initial distribution. The
crossing of some of the ventral spinocerebellar fibers

and the crossed fastigiobulbar fibers were inevitably

interrupted In' unilateral ablations. Nevertheless, the

studies of hemidecerebellation have been of value

in confirmin<< and refining the conclusions drawn from

the study of the results of total ablation.

SIGNS OF INHIBITORY wiTHDR.wv.AL. It has been gen-

erally agreed that the spastic phenomena resulting

from release from inhibition occurred on the ipsi-

lateral side of the body (113, 114, 182, 184, 188-190,

278, 290, 335). These were exhibited as pleurotho-

tonus, forelimb rigidity, and rotation of the head,

neck and eyes. In the quadruped these abnormalities

persisted for approximately one week and then begin

to abate. In the primate the signs were essentially

similar to those in the dog and cat but less intense and

less cndurins; (29, 123, 182, 188-igo).

SIGNS OF F.\ciLiT,^TORY wiTHDRAVV.AL. The hypotonia

and weakness of the musculature of the ipsilateral side

of the body were more clearly evident after hemi-

decerebellation by contrast with the contralateral side.

During quiet standing, after the abatement of the

spasticity, hypotonia was manifest by the gradual

sagging of the body to the operated side as the limbs

collapsed. The weakness of muscular contraction

aLso became evident during walking through the

tendency of the legs to fold. These observations of

Luciani (188-190) have been confirmed (290, 335).

However, Lewandowsky (182, 183) and Dusser de

Barenne (113, 114) were unable to agree with

Luciani's designation of some of the signs as asthenia

and atonia. The weight-bearing tests devised by

Rademaker (277) failed to reveal evidence of atonia

and asthenia, but it must be emphasized that the

observations were made during the period of stabilized

deficiency and therefore could ha\c been too late.

Rademaker did, however, make one group of observa-

tions which indicates one possible .source of the atonia

which others observed. With his animals in the supine

position, he noted that the forelimb ipsilateral to the

lesion was rigidly extended but that the spasticity

disappeared upon elicitation of a positive supporting

reaction from the contralateral limb. It went un-

recognized that these exaggerated effects of contra-

lateral inhibition could contribute to atonia on the

affected side when the animal was in the normal stand-

ing position. Similar observations were also reported

b\ .Simonelli (299) who introduced valuable but
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neglected techniques for the detection and analysis

of postural and reflex asymmetries.

In the macaque, atonia and muscular weakness

have been observed by many {29, 123, 182, 188-190)

investigators. The results of unilateral cerebellar and

peduncular lesions in a number of primate species

(29-31) were reviewed by Fulton & Dow (126) who
were struck by the increased intensity and persistence

of the atonia and weakness in the chimpanzee as com-

pared to the lower members of the series.

DISORDERS OF PHASIC CONTRACTIONS. The disorders

of phasic contractions following unilateral cerebellar

ablations were essentially like those following total

ablation with the exception that they were confined

to the ipsilateral side of the body (36, 1 1 1, 113, 114,

182, 183, 188-190, 277, 290, 335). The coarse tremor

and oscillations of the head and neck were obvious

and dramatic. These movements were best under-

stood as the result of inaccurate control of timing

and strength of muscular contraction and inaccurate

compensatory movements. Signs of ataxia also were

evident in the manner of control of limb position and

placement during locomotion. Similar signs appeared

in primates subjected to unilateral lesions (29, 123,

182, 188-190). In this form the astasia was more

prominent in the limbs than it was in the quadruped,

perhaps because the greater range and complexity

of movements of the primate limb made the defects

more obvious.

Localized Ablations oj Portions of Cerebellum

As information about the anatomical relations of

the cerebellum grew in amount and reliability, and

as the results of stimulation experiments became

known, numerous attempts were made to discover

some form of localization of function within the

cerebellum. Earlier experiments of this type were

influenced by Bolk's (27) coinparative anatomical

studies and consisted of attempts to test his hy-

potheses concerning somatotopic organization of

efferent pathways. Later experiments have been di-

rected more toward testing the anatomical sub-

division of the cerebellum into vestibular, spinal and

cerebral components as suggested by Ingvar (157,

164, 165, 180). With the growth of information from

electrophysiological studies demonstrating somato-

topic organization in the spinocerebellar relation-

ships, the ablation experiments have been designed

to test these findings as well. The following discussion

will consider the results of localized ablations from

the point of view of the three major anatomical and
functional subdivisions, with attention to somato-

topic localization where this has been the major

objective of the experiment.

FLoccULONODULAR LOBE. The many studies of the

results of partial cerebellar ablations which were done

before anatomical relations were well understood did

not add particularly to our knowledge of cerebellar

function inasmuch as they involved lesions which

overlapped extensively into nonvestibular portions

of the cerebellum. More modern attempts to destroy

this portion of the cerebellum are by its anatomical

inaccessibility also limited to a relatively few studies.

For a few days following unilateral ablations of the

nodulus (X) in guinea pigs, the animals exhibited

marked dynamic signs consisting of forced circling,

rolling, nystagmus, and abnormal head and trunk

postures (79, 199). Disturbance of otolithic eye re-

flexes persisted for a few weeks longer, but eventually

compensation was complete. In the same species,

lesions confined to the flocculus (H X) failed to

produce the dynamic signs but did abolish the oto-

lithic reflex control of eye movement (199). In an

extended series of experiments (11) reviewed by Tyler

& Bard (341) and confirmed by Wang & Chinn

(356-358), the integrity of the nodulus of the dog

was found to be necessary for the development of

motion sickness. In cats, lesions invoKing the pyramis,

uvula and nodulus (\'III A, V'lII B, IX, Xj pro-

duced disturbances which were comparable to those

following destruction of the anterior lobe (67, 68).

The vestibular type of disturbance was apparently

seen much more clearly in the primate. In the ma-

caque, baboon and chimpanzee (105) lesions involving

the nodulus and lower uvula produced obvious signs

of disequilibration without ireinor, dysreflexia or

atonia. Asymmetrical lesions produced disturbances

opposite in laterality to those produced by unilateral

labyrinthine lesions. These observations have been

confirmed in the macaque (62). Bilateral lesions of the

flocculus (62) produced essentially the same signs of

disequilibration, but these were less intense and more
transient. Destruction of the supramedullary portion

of the juxtarestiform body in the macaque (119, 120)

resulted in signs which duplicated those produced by

flocculonodular lesions (62, 105), including the ab-

sence of postural and reflex disturbances. Interruption

of the intramedullary portion of the same structure

reversed the laterality of the signs, causing them to re-

semble the results of unilateral labyrinthectomy (i 19).
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ANTERIOR LOBE OF CORPUS CEREBELLi. Destruction of

Cortex. The results of destruction of the anterior lobe

and its efferent paths complemented the results of

stimulation of the same structures and revealed that

the dynamic signs of release from inhibition were due

to encroachment upon this portion of the cerebellum.

Rothmann (288) seems to have been the first to

make the association between the anterior lobe and

the opisthotonus and extensor rigidity which followed

its complete removal. Rothmann also demonstrated

that the more caudal portions of the vermis (\T-IX)

were responsible in part for the compensation which

occurred, for if they were later removed the signs of

inhibitory withdrawal were repeated in a more in-

tense and enduring fashion. It is noteworthy, however,

that the signs of spasticity were not the sole results of

Rothmann's ablations, for his animals demonstrated

ataxic gait and tremor in the iiead and trunk as well.

There is general agreement about the validity of

Rothmann's findings for the quadruped (24, 67, 185,

313, 339). Snider & Woolsey (313) observed addi-

tionally that the spastic manifestations are greatly

accentuated b\' removal of the pericruciate cortex as

well, an observation which has been fulK' confirmed

(>85).

The situation following anterior lobe (I-\') ablation

is not as clear for the primate. Fulton & Connor (125)

reported that exaggeration of postural tonus and re-

flexes and increased tendon refle.xes were produced

in the macaque (II-V) along with gross disturbances

of coordination of the limbs and head movements

and tremor. Connor & German (78) uniquely re-

ported opisthotonus in this form. On the other hand,

Carrea & Mettler (62) observed no release phe-

nomena in the macaque following incomplete lesions.

Soriano & Fulton (314) reported that whereas release

phenomena were not observed after anterior lobe

ablation in the macaque, this could be made evident

in exaggerated and enduring form by subsequent re-

moval of cerebral motor areas. Some of the above ob-

servations have been reported only in abstract form

without histological studies, but the general mildness

of the signs and their short duration recall the results

of complete ablation in the macaque (34, 69, 327)

and the paucity of inhibitory responses to stimulation

of the anterior lobe in the macaque (151, 310).

Further evidence of the inhibitory action of the

anterior lobe was obtained from observations of the

increase in decerebrate rigidity which follows in-

activation of this portion of the cerebellum in the

quadruped (32, 45, 58, 59, 105, 196, 236, 262, 299).

This change was evident only on the ipsilateral side

of the body if the inactivation was unilateral (32,

45. 59)-

Earlier attempts to assign somatotopic areas within

the anterior lobe were unsuccessful (288). However,

Chambers & Sprague (68) noted that lesions con-

fined to the medial portion of the anterior lobe pro-

duced the signs of spasticity with extensor rigidity,

whereas lesions confined to the intermediate portion

resulted in an increase in resting flexor tonus in the

forelimb and flexion hypermetria during walking.

In a more extended study of the results of discrete

cortical lesions in the vermis of the cat (67) these in-

vestigators came to the conclusion that each half of

the entire medial vermis was involved in the control

of postural tonus, locomotor activities and equilibrium

for the whole body. The more laterally placed inter-

mediate portions, on the other hand, were thought to

be related to ipsilateral postural reflexes and indi-

vidual movements. They reported somatotopic or-

ganization in both portions of the vermis, with more

overlap medially than in the intermediate portion.

They assigned the tail to the lingula; the hind legs

and pelvic girdle to the centralis and rostral culmen;

the forelegs, pectoral girdle, head and neck to the

caudal culmen; and the head, neck and eyes to the

folium and tuber vermis.

Efferent paths. The results of studies of nuclear

lesions produced by techniques involving extensive

cortical damage were not easily interpretable and will

not be dealt with here. With the use of the stereotaxic

technique, the cerebellar nuclei may be destroyed

with insignificant damage to the cerebellar cortex

and are therefore susceptible of interpretation. How-
ever, it is important to remember that the crossing

fastigiobulbar fibers course through the nucleus of

the opposite side, so that it is impossible to produce

unilateral signs bv unilateral fastigial destruction

(169).

Complete destruction of the fastigial nuclei in the

intact cat (13, 14, 17, 185) produced signs of release

from inhibition without atonia. However, unilateral

destruction of the fastigial nucleus in the intact cat

(13, 14, 17, 316) produced signs of spasticity contra-

laterally only, whereas the ipsilateral posture was

flexor, and atonia was demonstrable ipsilaterally for

several weeks. If, following such lesions, the vermian

cortex was removed (316), the laterality of the signs

reversed. Batini & Pompeiano (13, 14, 17) report

that ipsilateral atonia and contralateral spasticity

were also produced if only the anterior half of the

nucleus was destroved. If onlv the caudal half was
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destroyed, extensor tonus appeared ipsilaterally and

flexed posture contralaterally.

This situation has been subjected to a more com-

plete analysis in the decerebrate cat. Removal of the

anterior lobe cortex was followed by increased rigidity

ipsilaterally and flexion contralaterally (66, 316). If

the subadjacent tastigius was then destroyed, the

rigidity disappeared ipsilaterally and reappeared

contralaterally. On the basis of these results. Cham-
bers & Sprague (66, 316) considered that part of the

fastigial nucleus was activated by extracerebellar

afTerents independently of the cerebellar cortex.

Moruzzi & Pompeiano (244, 247) have confirmed

these results but, utilizing selective destruction of the

various portions of the nucleus, have come to a dif-

ferent conclusion. They described ipsilateral fastigial

atonia with contralateral increase in tonus which was

produced by destruction of the rostral part of the

nucleus alone. They also described contralateral

fastigial atonia and ipsilateral increase in tonus which

was produced by destruction of the caudal part of the

nucleus alone. They concluded that the increased

extensor tonus is dependent upon facilitatory activity

conveyed from the caudal part of the fastigius over

crossed fastigiobulbar fibers. When contralateral ex-

tensor tonus is deprived of this facilitation by caudal

fastigial lesions, inhibition from proprioceptors in the

rigid limb and from vestibular sources overbalances

other sources of extensor facilitation and the rigidity

disappears from the contralateral limb. When both

nuclei are destroyed, the extreme spasticity dis-

appears, the contralateral leg is relieved from some

of the inhibitory barrage and becomes rigid once

more. In another group of experiments, Batini &
Pompeiano (15, 18) have destroyed the origins of the

crossed fastigioiiulbar fibers bilaterally and decere-

brated their animals several days later. Destruction

of the medial and lateral portions of the anterior

end of the nucleus then gave rise, respectively, to

decrease and increase of rigidity ipsilaterally, thus con-

firming the dichotomy of the inhibitory and facilita-

tory pathways from the anterior lobe revealed by

stimulation studies (243, 245, 246 j.

Spasticity and other signs of release from inhibition

ha\e not been oljser\ed following section of the indi-

vidual cerebellar peduncles.

It is apparent from these studies that the disturb-

ances of postural tonus in the animal subjected to

cerebellar lesions are not produced in any simple

fasliion. The discharge of motor neurons in tonic ac-

ti\ity is determined by a balance of influences, among
which have been identified cerebellar inhibition, cere-

bellar facilitation and postural reflex activities or-

ganized at the spinal cord level interrelating the limbs

on the two sides of the body. Consequently, a single

alteration of input to the spinal cord system terminat-

ing in the motor neuron may set into action .such a

number of interrelated events that it ijecomes impos-

sible to identify in any single phrase tlie nature of the

primary event.

POSTERIOR LOBE OF CORPUS CEREBELLi. It will be re-

called that, among the signs of cerebellar deficiency,

atonia and asthenia were ascribed to loss of facilita-

tion. It will also be recalled that facilitatory influences

from the anterior lobe have been demonstrated by

stimulation experiments and have been abolished by

anterior lobe destruction. The anterior lobe, however,

is not the only portion of the cerebellum which might

be involved in facilitatory influences to the motor

neuron, for it will be remembered that the cerebellar

hemispheres have been shown to exert an efTect upon

the activity of the motor cortex. Thus, with the infor-

mation from the stimulation aftd electrophysiological

experiments at our disposal, it might be predicted that

atonia and asthenia would form part of the picture

of deficiencies produced by destruction of the pos-

terior lobe.

Ablations involving most of posterior lobe. It will be

recalled that exaggerated postural tonus, hypotonia

and disturbances of phasic movement are all signs

reported to follow lesions of the anterior and posterior

vermis and its efferent paths. Bremer (36) was the

first to emphasize the importance of avoiding damage
to the vermis in order to reveal the deficits produced

by posterior lobe lesions uncomplicated by signs of in-

hibitory release. Opisthotonus and extensor rigidity

were entirely lacking from these animals, thus con-

firming, in a negative sense, the vermal origin of these

elements of the syndrome of cerebellar deficiency.

During the deficiency period Bremer's animals ex-

hibited hypotonia, dysmetria, tremor and weakness

of cortically-mediated reflexes, all on the ipsilateral

side. These signs were all of short duration, presum-

ably because of the rapidity and completeness of or-

ganic compensation. In the light of the repeated con-

firmations of Bremer's findings as a result of partial

lesions of the posterior lobe (see below), the com-

pletely negative results of Keller el al. (172) defy

understanding.

The primate exhibits a similar group of signs follow-

ing posterior lobe lesions (31, 36, 62). In a summary of

experiments performed on different species of pri-

mates, Fulton & Dow (126J called attention to the in-



HANDBOOK OF PHYSIOLOGY NEUROPHYSIOLOGY II

creasing gravity and endurance of ataxia and hypo-

tonia as one moves up the primate scale toward man.

They also pointed out that more gross disturbances

follow bilateral lesions, and that tremor is not an ele-

ment of the syndrome unless the dentate nuclei are

involved.

Partial lesions of posterior lohe. Experiments involv-

ing the isolated removal of lobules were clearly di-

rected toward the revelation of such topographical

organization as might exist in the posterior lobe.

Several observers have reported cervical ataxia to

be the only sign following lesions of simplex (\'I,

H VI) in dogs (i86, 288, 344, 345). In a similar

fashion, dysmetria confined to the forelimb has been

reported to follow lesions of Crus I of the ansiform

lobule (H VII a) and of the hind limb after lesions

of Crus II (191, 288, 336, 344, 345) in both dogs and

monkeys. These observations have not been con-

firmed by more recent investigators (100, 121, 283,

284). Carrea & Mettler (62) in macaques and Cham-
bers & Sprague (67) in cats reported that lesions re-

stricted to the cortex of Crus I and Crus II were not

productive of symptoms. It was only when the under-

lying nuclei or the anterior lobe were involved that

cerebellar deficiencies were observed.

In the cat (67, 121, 251, 252) and guinea pig (198)

ablation of the rostral lamellae of the paramedianus

(H VII b), related to the folium and tuber vermis,

resulted in ataxia confined to the foreleg. Ablation of

the caudal lamellae (H VIII a), related to the py-

ramis, resulted in ataxic signs confined to the iiind

leg. None of these observers noted any dynamic signs

or disorders of trunk or eye musculature. On the other

hand, when all of the paramedianus was removed

(67), signs resembling those following ablation of the

intermediate portion of the anterior lobe were ob-

served in mild and transient form.

In the guinea pig (198) ablation of the folium and

tuber vermis (VII A, VII B) produced signs similar

to those seen following removal of the related lamellae

of the paramedianus. Chambers & Sprague (67) re-

ported that their cats exhibited increase of extensor

tonus, foreleg hypermetria, resting head tremor, and

a failure to react to light and sound which was inter-

preted as being due to inattention.

Results of ablation of the paleocerebellar portion

of the posterior lobe have been inconstant. Guinea pigs

and macaques were free from deficiencies (62, 105,

198). The dog was reported to exhibit asthenia and

ataxia in the hind legs (288). The cat has been said

to dexelop weakness and atonia (322, 323) and to

show signs resembling those following removal of the

anterior lobe (67).

In an extended study, Di Giorgio and his colleagues

have demonstrated that the unilateral ablation of

large portions of the posterior lobe produces postural

asymmetries which are clearly defined by their tech-

niques of examination (98, 99, loi, 102). These asym-

metries disappear immediately following spinal cord

transection but reappear with the passing of spinal

shock to endure for hours. This residual effect on

spinal cord function develops within a few hours

following the cerebellar lesion and is not dependent

upon afferent supply or cerebrospinal supply to the

affected segments of the cord. The observations have

been confirmed in the pigeon (197).

Efferent paths of posterior lobe. There are very few

studies of the effects of well-controlled lesions of the

intermediate and lateral nuclear groups made with

techniques whicli did not also damage large cortical

areas.

Snider {302) has reported tremor, ataxia and slight

hypotonia ipsilaterally following unilateral destruc-

tion of the intermediate nucleus in the rabbit. Cham-
bers & Sprague (67, 68) also destroyed this nucleus in

the cat, producing a permanent lo.ss of ipsilateral

tactile placing. Their animals also exhibited a slug-

gishness of ipsilateral proprioceptive placing and of

hopping reactions for about one week. Accompanying

these signs were a mild increase in extensor tonus and

hypermetria in the ipsilateral foreleg.

Lesions of the lateral nuclei in the cat (67) were not

productive of any alterations in tone or spinal re-

flexes, but placing and hopping reactions were de-

pressed and there was noted a poverty of limb move-

ment. Botterell & Fulton (31) reported that neo-

cerebellar decortication in the macaque produced

awkwardness, disturbances of gait and hypotonia

ipsilaterally. When such lesions were extended to in-

clude the lateral nucleus, the ataxia was more severe

and a transient tremor appeared. Carrea & Mettler

(62) reported intense ataxia and ataxic tremor to

follow dentate lesions in macaques.

.\ syndrome similar to that produced by large pos-

terior lobe lesions followed section of the superior

cerebellar peduncle in the macaque (259, 354). This

lesion failed to produce anv signs of release but pro-

duced atonia and ataxia ipsilaterally. The signs abated

in approximately 6 weeks but compensation was never

quite complete. Bilateral section increased the severity

of disturbance of voluntary mo\ement tremendously,

brought on kinetic tremor and delayed compensation.

Attempts to delineate the portions of tiie brachium
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conjunctivum responsible for the ataxic signs and for

the tremor liave produced somewhat confusing re-

suhs (62, 206).

Akhough section of the inferior cerebellar peduncle

has not been reported to give rise to any signs refer-

able to the fastigiobulbar fibers which it contains,

its interruption produces deficiencies which are ap-

parently due to its cereijellopetal fiber content. Ipsi-

lateral asthenia, hypotonia and dysmetria of transi-

tory nature are reported to occur in the dog and

monkey (25, 1 18-120). These signs get quantitatively

more pronounced without change of quality as the

lesion involves the corpus restiformis at higher and

higher levels. Turner & German (340) report that

disturbances of locomotion followed .section of the

middle cerebellar peduncle.

Persj>ective

It will be recalled that the experiments in\olving

electrical recording and the experiments involving

stimulation revealed a degree of somatotopic organi-

zation of the cerebellar cortex which was somewhat

diffuse, showing overlapping fields and indistinct

borders. The experiments involving ablation reveal

the .same sort of picture insofar as the vermis is con-

cerned, with only the paramedian lobule affording

good correlation with electrophysiological data.

However vague the somatotopic picture may be as

revealed by all methods of study, there are certain

correlations which deserve attention. The major in-

fluence on postural tonus revealed by stimulation

concerns the anterior lobe and the fastigial outflow.

The major source of the inhibitory release responsible

for the dynamic signs of spasticity following ablation

is the anterior lobe and fastigial outflow. This is the

area in which are concentrated the terminations of the

spinocerebellar afferent systems. On the other hand,

the electrophysiological experiments revealed that

cerebrocerebellar afferents terminate in the anterior

as well as the posterior lobe, thus failing to reveal a

differentiation, on this basis, between the paleocere-

bellum and the neocerebellum. It is perhaps sig-

nificant that atonia and ataxia as signs of cerebellar

deficiency also fail to afford a distinction between the

paleocerebellum and neocerebellum since they are

associated with lesions in both portions of the organ.

The reader is only too aware that the deficits which

follow cerebellar ablation are complex and difficult

to understand solely on the basis of the observation

and description of the deficits. Real understanding

will come only when the details of the mechanisms

and the disturbed functions which underly these

deficits are better known. Such mechanisms can be

revealed only by more sophisticated testing of motor

neuron control systems carried out in the presence

and in the absence of cerebellar function. .Such ex-

periments may be directed toward the question of

how the cerebellum affects a gi\en control system.

Some experiments of this variety have been carried

out but only a start has been made. This sort of in-

formation will be briefl\' reviewed in the following

section of this chapter.

MECH.-^NISMS OF CEREBELL.-\R FUNCTION

Aiechani.sms of Influence upon Postural Tonus

The tonic discharge of a spinal cord motor neuron

represents, at any moment, the integrated result of a

multitude of influences which serve to adjust the rate

of discharge in such a way as to fulfill the needs of

posture. One type of maladjustment of this function

may arise (a) as a result of an excessive barrage of

excitatory impulses driving the motor neurons at a

higher frequency, or b) as a result of a withdrawal of

tonic inhibition, leaving the motor neurons more re-

sponsive to excitatory impulses which are then

capable of increasing the rate of discharge. Either of

these changes would, until compensated, appear as

an exaggeration of tonic muscle contraction. Diminu-

tion of tonic muscle activity could, of course, also

arise in two ways by the reverse of the changes de-

scribed above.

ORIGINS OF HYPERTONUS. The Origins of the hyper-

tonus or spasticity which follows immediately after

cerebellar ablation, more obviously in quadrupeds

than in primates, are numerous and not fully under-

stood. Even though vestibular reflexes still remain in-

tact (94, 194) after removal of the cerebellum, this

is not to say that the vestibular system is not altered

in its function. The facilitatory effect of the lateral

vestibular nucleus upon tonic activities of the spinal

motor neurons has been fully demonstrated (10). It

is quite probable that the release of these nuclei from

tonic cerebellar inhibition (97) is one of the important

sources for the dynamic increase in tonus (184, 266,

318). Further contribution to the overactivity of motor

neurons probably originates through a release from

inhibition of tonic proprioceptive reflexes originating

in neck musculature (12, 16). It is possible that such

release is not direct, but secondary to withdrawal of
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tonic cerebellar influences on the inhibitory portion

of the medullary reticular formation. The importance

of differentiating; between signs of spasticity dependent

upon enhanced gamma efferent firing (134-136, 285)

and similar signs dependent upon primary facilitation

of alpha efferent discharge has recently been force-

fully emphasized (155, 332, 333).

ORIGINS OF HYPOTONIA AND ASTHENIA. It will be re-

called that hypotonia is one of the prominent signs of

cerebellar ablation in the primates and appears follow-

ing the abatement of the dynamic signs in the quad-

rupeds. This alteration in motor neuron behavior also

has a comple.x origin which is not clearly understood.

The silencing of the gamma efferent system (135) is

one of the final steps which is probably in\olved, but

the intermediate steps have not been revealed. The
additive effects of cerebral and cerebellar ablation in

producing spasticity (185, 313, 314) certainly point

to an inhibitory function on the part of the cerebral

cortex, but again the intermediate steps are unknown.

The spinal cord itself must certainly be considered as

a third probability as an origin of hypotonia. Ev'en in

the acute decerebrate preparation, section of the

spinal cord at the upper thoracic level will be followed

by an augmentation of decerebrate rigidity in the

forelimbs—the Schiflf-Sherrington phenomenon (318).

This inhibitory influence which is furnished by the

normal spinal cord may be related to the abatement

of the spastic signs and, through its exaggeration, to

the subsequent atonia. This probability is supported

by recent experiments (12, i6) which differentiate

labvrinthine and tonic neck reflex mechanisms in-

volved in the Schiff-Sherrington phenomenon.

Although no clear-cut evidence is available, it has

been suggested (36) with reason (281, 282) that as-

thenia is a manifestation of the withdrawal of a tonic

facilitatory action exerted on the cerebral cortex by

the cerebellum.

Mechanisms of Influence on Phasic Reflexes

Although no refle.x pathways are considered to

course through the cerebellum, the possibilities for

indirect cerebellar influences on reflexes are numerous

because of the number of structures and paths through

which the cerebellum might indirectly exert a modu-

lating influence. Modifications of behavior in the

gamma efferent system is undoubtedly one of the

features of reflex control which must be considered

(134). Influences on the brain-stem reticular forma-

tion (213) and vestibular nuclei (97) offer other routes

for the production of alterations of reflex excitability

(300, 301). Even reflexes which are mediated through

cerebral cortical function (66, 316) may be secondarily

altered by the influence which the cerebellum exerts

upon the cerebral cortex (60, 88, 281, 282).

Mechanisms of Influence on I 'oluntary Movement

It is obvious that every voluntary movement must

be initiated from and superimposed upon a back-

ground of posture. It follows then that inadequacies

of postural control and abnormalities of postural re-

flexes (300, 301) will be reflected in disturbances of

phasic movements induced by voluntary action. How-
ever, in addition to this general deficiency of functions

which form a foundation for voluntary movement,

other, more specific possibilities should be pointed out.

It has already been mentioned that these disturbances

appear as manifestations of cerebellar dysfunction

primarily in the form of tremor, dysmetria and dys-

coordination.

Although the brain-stem structures the disturbance

of which underlies the genesis of tremor are still in

doubt (62, 206), the manifestation of tremor as a dis-

turbance related to cerebral motor function seems well

established. Reasoning that tremor was a charac-

teristic of poorly controlled v'oluntary movement,

Fulton et al. (127) were led to demonstrate its aboli-

tion in the decerebellate cat by decortication. In an

extension of this work to the baboon and macaque

(9), it was found essential to ablate the entire pre-

central motor cortex in order to abolish cerebellar

tremor. Thus, disruption of the voluntary control

system abolished the signs of its disorganized function.

It has been suggested that dysmetria and dysco-

ordination may have their origin, in part, in the break-

down of functional relationships between gamma
and alpha efferent systems (318). This suggestion is

supported by the observation that gamma discharge

precedes alpha discharge in many forms of muscular

contraction (136) and that cerebellar inactivation is

followed by a depression of gamma efferent discharge

(135). The older idea that a disturbance of reciprocal

innervation lay at the heart of these two signs of de-

ficiency has been disproved (264, 337, 338). In the

light of evidence of cerebellar modifications of cerebral

functions, it is probable that, like tremor, dysmetria

and dyscoordination also depend upon inadequacies

of organization of the voluntary control mechanisms

within the cerefjral cortex (36).
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Mechanisms of Cumpensatum

It was indicated earlier that Luciani (188-190)

expressed his opinion tliat compensation for cerebellar

deficiencies occurred by virtue of the acquisition of

new functions by structures not previously inxolved

(organic compensation) and through a process of

learning and trainins; which permitted correction of

deficits (functional compensation). In terms of the

mechanisms in\olvcd in these different forms of com-

pensation (if indeed they be different), we know no

more than we know about learning and the acquisi-

tion of skill in general. Nevertheless, the location of

structures involved in the compensation processes

has, to a limited degree, been revealed.

It has been repeatedly emphasized (36, 188-190)

that if additional cerebellar lesions are made in an

animal already compensated, the resulting new deficits

exceed in intensity those which would have occurred

as a result of the second lesion alone. It would thus

appear that the cerebellum itself is involved in the

changes occurring during compensation. The role of

spinal cord inhibition in the recovery from the dy-

namic signs and in the precipitation of atonia has

already been alluded to (12, 16). The original observa-

tions by Luciani (188-190) of the reappearance of

deficiency signs in a compensated animal following

removal of the cerebral motor cortex have been re-

peatedly confirmed. Thus, the cerebral cortex must

also be involved in the reorganization of the control

system which brings about compensation. In addi-

tion, it has been demonstrated in the cat tliat com-
pensation from unilateral fastigial lesions occurs in

14 to 35 days; that compensation following subsequent

bilateral motor cortex ablation occurs in 14 to i 7 days;

and that the compensation following decortication

is premesencephalic in its location (12, 16).

CEREBELL.^R DEFICIENCIES IN .V1.-\N

The emphasis in this chapter has been upon the

discussion of cerebellar functions as they are revealed

by observations upon experimental animals under

conditions that permit an attempt at an experimental

analysis. Fundamentally, the signs of cerebellar de-

ficiency in man are like those seen in experimental

primates (126) with a more grave disturbance of

skilled movement and a more profound and enduring

hypotonia. No attempt will be made to describe the

cerebellar syndrome in man, the reader being referred

to the excellent discussions of Holmes (158, 159),

Goldstein (133), Bremer (36) and Moruzzi & Dow
(241). It should be remembered that a) in man cere-

bellar disease or injury rarely respects anatomical

boundaries and h) the signs of slowly developing

cerebellar lesions are mitigated and sometimes ob-

scured by concurrent compensation.
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PERHAPS IT IS WELL TO REMEMBER tVom lime to time

tliat the living organism from ameba to man is a

single unit and not a collection of systems. These or-

ganisms, regardless of station in the phylogenetic

scale, must react successfully to surrounding environ-

ments if they are to continue to exist. In the simplest

orders, no nervous .system is necessary but, with de-

veloping complexity of structure and function, a

system is appended for relating to each other the

several living processes. This appendage in man is a

highly prosencephalized brain; and in order to unify

the individual activities of its lo billion neurons into

appropriate patterns of functions, systems of control

have developed.

It now appears likely that the brain-stem reticular

formation represents one of the more important inte-

grating structures if not, indeed, the master control

mechanism in the central nervous system. Neuron
combinations here long have been known to mediate

the control of many visceral functions such as respira-

tion, vasomotor tone and gastrointestinal secretion,

and in recent years investigations have indicated par-

ticipation of this region in neural processes subserving

temperature regulation and neuroendocrine control.

Furthennore, information has been adduced recently

which assigns to the reticular formation a major role

in the mediation of three more general neural func-

tions. First, it is known to be implicated in the arousal

response and wakefulness. Second, it exerts a critical

degree of influence over motor functions concerned

in phasic and tonic muscular control. Third, the cen-

tral brain stem is capable of modifying the reception,

conduction and integration of all sensory signals to

the degree that some will be perceived and others

rejected by the nervous system. This chapter will ex-
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plore the physiological processes by which the reticular

formation contributes concurrently to the mediation

of these diverse attributes of central nervous system

function.

ANATOMICAL CONSIDERATIONS

According to Allen (8), the "fonnatio reticularis' is

embryologically that mass of cells in the brain stem

and spinal cord which is not utilized in the formation

or motor root or sensory relay nuclei. Phylogenetically

it is very old, and in organisms of primitive phyla it

represents the bulk of the entire central nervous

system. In higher vertebrates, however, in which the

process of encephalization is highly developed, only a

relatively small amount of reticular formation remains

in the spinal cord but that portion which occupies

the central brain stem from medulla to thalamus as-

sumes a mass of considerable proportions. Presumably,

the reticular formation expands in higher orders as a

result of the development of cerebral and cerebellar

hemispheres with which it is closely related func-

tionally (169).

Allen observes further that in its de\elopment, the

reticular formation surrounds or partially surrounds

the sensory nuclei of the thalamus and that such

structures as the nucleus ruber, substantia nigra and

other differentiated hypothalamic and midbrain

nuclei should be considered probably as specialized

derivatives of it. Clearly, then, considered develop-

mentally, the reticular formation is closely related

caudally to collections of neurons in the gray sub-

stance of the spinal cord, presumaiily internuncial

(169), and cephalically to subcortical nuclei in the

forebrain such as the sub- and hypothalamic portions

of the thalamus and perhaps even the septal region (i ).

The reticular formation proper begins, according

to Ramon y Cajal (222), in the bulb a little above

the decussation of the pyramids. It is centrally located,

being surrounded everywhere by a shell of neural

tissue consisting of long fiber tracts and nuclei of

specific conduction systems. Throughout this cen-

trally located area, collections of cells alternate with

regions which appear grossly as nuclei; Olszewski

(207) in an extensive study has descriised g8 such

masses in the reticular formation. A detailed discussion

of the cytoarchitectural structure of this region, how-

ever, would be pointless here as these collections of

cells do not appear in general to represent functional

units. Rather, as will be discussed later, the physio-

logical characteristics exhibited bv the reticular

formation appear largely to be independent of visible

structural relationships.

Retuulnpetal Ciinneclions

An important source of neurons connecting with

the reticular formation is known to be the spinal cord.

These connections or collateral branches leave the

main axon trunks of the medial lemniscus, and spino-

thalamic or spinocerebellar tracts as they course

through the brain stem. Ramon y Cajal describes

such collaterals in great detail and Allen confirms

their presence. Additionally, it may be that there are

cells in the spinal cord which send axons directly to

the reticular formation, as suggested by Probst (219)

and confirmed recently by Collins & O'Leary (56)

by Brodal (40) and by Nauta (202). It is likely such

direct fibers travel in or near long funiculi in

ventrolateral and dorsal segments of the spinal cord.

Whether by collateral or direct connection, these

spinoreticular pathways have been repeatedly de-

scribed anatomically and arc known to be quite

prevalent (22, 40, 193, 194).

Spinoreticular axons appear to enter the reticular

formation throughout the longitudinal extent of the

jjrain stem (8, 221), although there may be areas

which are particularly heavily populated with these

reticulopetal fibers. Morin (193) suggests that they

are particularly dense in the medullary region, but

it is clear that the reticular formation receives con-

nections from the spinal cord throughout its length.

The reticular formation receives afferent fibers

from other structures in the i)rain stem as well as from

the long tract systems. Ramon y Cajal described

anatomical connections with the principle sensory

nuclei, with interstitial motor cells of tlie bulb and

with the quadrigeminal Jjodies. Recently, also, on the

basis of Golgi studies, Scheibel (23B) has confirmed

these observations. In addition, he describes the ex-

tremely wide area which the dendrites of single

reticular neurons are capable of covering. This ana-

tomical structure of reticular neurons suggests that

they receive synaptic contact from laterally located

pathways and nuclei through these remarkable den-

drite extensions as well as by central con\ergence of

collateral axons from projection systems.

Corticifugal fibers, another source of reticulopetal

axons, are known to originate in the frontal convexity

(134, 152, 181, 187, 230), sensorimotor cortex (177,

222), particularly in the motor region {230), and

cingulate gyrus (230, 280). Axons destined for the
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reticular formation also arise in the parietal (182),

lateral temporal (183), oriiital (275) and paraoccip-

ital (58, 180) areas, but these regions were found to

be relatively poor sources of such fibers (230). Re-

cently, Adey et al. (2) have demonstrated important

reticular connections from rhinencephalic structures,

principally the hippocampus and entorhinal region.

Some of these corticoreticular fibers travel in the

corticospinal and corticobulbar tracts en route to the

reticular formation (222). Ramon y Cajal (222)

found them leaving the pyramid in particularly large

numbers above the olives at the level of the facial

nucleus. Rossi & Brodal (230) describe similar dense

collections of corticifugal fibers ending in two well-

circumscribed areas; one of these zones was located in

the lateral pontine tegmentum and the other resided

in the medulla near Olszewski's nucleus reticularis

gigantocellularis. Other routes exist through which

cortical neurons reach the reticular formation, but

probably because these fiber connections are diffuse

anatomical evidence concerning them is meager.

An important anatomical and functional relation-

ship is known to e.xist between the reticular formation

proper and the mid-line and intralaminar nuclei of

the thalamus, these latter structures being considered

the cephalic portion of the reticular system. Most of

the data indicating that these thalamic structures re-

ceive important direct contact from afferent or corti-

cofugal neurons, however, stems from physiologic

rather than anatomic study; at least fiber degenera-

tions have not been described in these nuclei after

cortical excisions as they have in the reticular forma-

tion itself unless portions of the rhinencephalon were

included in the decortication (92, 201). Rhinen-

cephalic links with the thalamus and reticular forma-

tion have been followed from the hippocampus to the

intralaminar thalamic nuclei (201) and through the

fornix into the midbrain tegmentum (92). Adey et al.

(2) found connections between the entorhinal cortex

and reticular formation, and Nauta (201) described

reticulopetal axons from the septal region.

Anatomical connections between the basal ganglia

and the central brain stem have not been reported,

although a major portion of pallidal outflow is known

to enter the ventralis lateralis (208), the ventralis

anterior or both (223). However, important reticulo-

petal fiber tracts are known to emanate from the

cerebellum. In 1924, Allen (7) reported that neurons

in the fastigial nuclei sent axons to the reticular forma-

tion and Rasmussen (224) later confirmed this find-

ing. Recently Sprague et al. (259J and others (179,

268) have described important bilateral connections

between vermal fastigial structures and the reticular

formation and intralaminar thalamic nuclei.

Central Brain Stern

Ramon y Cajal was struck by the marked varia-

bility in size of neurons in the reticular formation,

some being only 12 to 14 /u in the longest diameter,

while others were as large as 90 11. Presumably, then,

if soina size relates to axon length, the reticular

formation is constructed in a manner which permits

conduction both in relatively short steps and in long

strides. The soma size can be related further to axon

diameter and conduction velocity; hence, both slowly

and rapidly conducting elements are present. Also,

Ramon y Cajal noted that axons often crcssed the

mid-line and ramified in all directions both ipsi- and

contralaterally. Recently, the Scheibels (239, 240)

have confirmed and extended these observations of

Ramon y Cajal by describing axons which divide,

sending one branch cephalad and one caudad. Each

branch subsequently- delivers itself of a myriad of

collaterals which appear capable of extending long

distances. This organizational pattern suggests

strongly that a single reticular cell may be capable of

exerting its influence both upwards towards the brain

and downwards into the spinal cord. It suggests fur-

ther that these influences may be exerted bilaterally,

that they may be conducted rapidly or slowly and

that they may be extended widely through the large

number of collaterals they exhibit.

Anatomical connections from the reticular forma-

tion to the centrum medianum nucleus of the thala-

mus and to the subthalamus have been described by

Lewandowsky (153). More recently, the observations

of Russell & Johnson (234), of Papez (209) and of

Whitlock & .Schreiner (285) indicate that cephalic

conduction occurs in relatively well-marked fiber

bundles called the lateral reticulothalamic, tegmental

and tectothalamic tracts to the mid-line and intra-

laminar nuclei of the thalamus (285). Brodal & Rossi

(42) found that cells projecting cephalically were scat-

tered throughout the reticular formation but were

abundant in its medial two-thirds, particularly at the

level of the rostral third of the inferior olive and at the

level of the abducens nerve. Doubtless, important

cephalic conduction is mediated by multisynaptic

neuron systems scattered throughout the central brain

stem from this diffusion of reticular cells.
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Reticulofiigal Projections

It is not clear anatomically how influences from

the thalamic reticular system reach the cortex, for es-

sentially complete decortication results in no retro-

grade change in the intralaminar nuclei (217, 218,

274). Contrastingly, cells in the reticular nuclei of the

thalamus (along with appropriate relay and associa-

tion nuclei) do degenerate after cortical resection (53,

228, 229), and one proposal holds that reticulo-

thalamic influences upon the cortex are mediated

through the reticular nuclei of the thalamus (125,

126). In addition to a thalamic route, fibers have been

described recently which course cephalically from

the reticular formation in a region ventrolateral to the

thalamus (42, 202, 239, 295), hence it is likely that

direct reticulocortical connections exist.

It has been demonstrated that mid-line and intra-

laminar nuclei degenerate if certain telencephalic

structures are destroyed. Rose & Woolsey (229)

found intralaminar degeneration only if they de-

stroyed the rhinencephalon, striatum and amygdala

in the rabbit, and Powell & Cowan (218) reported

similar results by ablating the lateral preoptic area

and adjacent parts of the striatum and pallidum. It

appears, therefore, that an intimate anatomical rela-

tionship exists between the central brain stem and

either the paleocortex or perhaps, the basal ganglia

or both, as suggested by Droogleever-Fortuyn (65).

Connections with the neocortex are somewhat less

direct.

Another important projection system of the reticular

formation is directed into the cerebellum. According

to Brodal (41) and Brodal & Torvik (43), a large

collection of cells in the medullary reticular formation

(called the paramedian reticular nucleus) send fibers

to the anterior lobe, pyramis, uvula and possibly the

fastigial nucleus.

ASCENDING INFLUENCES

In 1935 Bremer noted that transection of the

brain stem of animals at the collicular level {cerveau

isole) resulted in behavioral and EEG manifestations

of sleep attributed, he correctly suggested, to de-

aflPerentation of the cortex (33). Later developments

indicated, however, that the coma exhibited did not

depend upon the total elimination of sensory informa-

tion from cerebral structures, for it was known that

responses could be recorded in primary receptive

areas of the cortex even when animals were anes-

thetized. The observations of Moruzzi & Magoim
(198) clarified the matter by showing that afferent

influx transported centrally through the brain stem

was implicated in the arousal mechanism. Clearly,

therefore, the coma of cerveau isole animals was shown

to depend upon exclusion from higher structures of

'activating' stimuli conducted selectively throus;ii

this median zone rather than upon the blockade of

primary .sensory signals transported to the cortex

through the lateral brain stem. The area implicated

in conveying such "arousing' information to the brain

was occupied principally by the reticular formation

and related tiialamic nuclei; hence these structures

became known as the 'reticular activating system' or

RAS.

Electrophxsiological Characteristics

EVOKED POTENTI.^LS: SENSORY CONNECTIONS. In 1 936

Derbyshire et al. (63) called attention to impulses

with long latency elicited by stimulation of the

sciatic nerve which could be recorded in surface areas

remote from the sensory cortex and hence were dis-

tinct from signals conducted in the primary sen.sory

pathways. Sul)sequently, Dempsey et al. (62) deter-

mined that this response, called by Forbes & Morison

(77) the 'secondary' as opposed to the 'primary'

lemniscal response, was conducted through tiic brain

stem in an area central to the medial lemniscus. Since

that time, evoked potentials have been recorded in

the reticular formation from excitation of somatic

sensory (85, 263), proprioceptive (61), sympathetic

(85), vagal (59), auditory (85, 263), visual (59, 85)

and olfactory (59) receptive or conductive system.

These potentials have been recorded throughout

the reticular formation and areas related to it, such

as the central grey substance, sub- and hypothalamus,

and medial and intralaminar thalamic nuclei (85, 263).

More recently sensory signals have been recorded even

farther forward in the septal region (2). In general,

the extent of the central brain stem over which po-

tentials of each of the aforementioned modalities of

sensation can be evoked is common for all (85, 263).

Thus, a single electrode placed within the reticular

formation can record responses from stimuli applied to

a variety of conductor or receptor systems, for exam-

ple, from stimulation of the sciatic, the sympatiietic

and the radial nerves as well as from an audible click.

While this conxergence is extensive it is not absolute,

for in practice potentials may be evoked more readily

from excitation of some conductive systems than

others, and species differences may contribute as well
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to llie variability in responses exhibited. There is re-

cent indication that the 'significance' of the aflferent

signal may influence its tendency to evoke reticular

discharge (John, R., personal communication).

EVOKED POTENTIALS: CORTICI FUGAL CONNECTIONS. Fol-

lowing early descriptions by Bremer & Terzuolo (39), it

was found that potentials also can be evoked through-

out the extent of RAS by single shocks applied to each

of a number of loci in the cortex (79, 127). These loci

in the monkey are found to occupy discrete, circum-

scribed cortical areas located in the frontal oculo-

motor fields, sensorimotor cortex, cingulate gyrus,

orbitofrontal surface, temporal tip, first temporal

gyrus and the paraoccipital region (79). Recently,

Adey et al. (4) have demonstrated that potentials can

be evoked in the RAS also by stimulation of the

entorhinal cortex; Green & Adey (104) recorded

similar responses from excitation of the hippocampus.

Potentials evoked by cortical excitation exhibited the

same high degree of conv-ergence which characterized

responses of peripheral sensory origin (39, 79). More-

over, convergence within the RAS was extended to in-

clude corticifugal as well as sensory inputs, for the

same electrode placed in the reticular activating

system recorded potentials elicited by pulses applied

to aflferent conducting systems and active cortical

loci alike.

Many of the active cortical loci described were

found to funnel into a common pathway by which

they are connected to the RAS, as Gunn et al. (106)

and Eliasson (72) were able to record evoked poten-

tials in the septal region from excitation of many
activating cortical zones. Alternati\ely, some cortical

loci exhibit individual connecting routes with the

RAS. For example, neurons from the central and

premotor gyrus were found to accompany the py-

ramidal tract (172, 177) to bulbar levels where they

entered the RA.S and the entorhinal cortex con-

nected with the thalamic and reticular brain stem via

the stria medularis (4).

EVOKED POTENTIALS: CEREBELLUM AND BASAL GANGLIA.

Evoked potential studies show that the RAS receives

important connections from the cerebellum (195,

252, 255). Additionally, central brain-stem responses

can be recorded from shocks applied to the basal

ganglia (258).

EVOKED potentials: NEURONOGRAPHY. Connections

between cerebral structures and the RAS were thought

to be pauci- or, perhaps, monosynaptic (79) as tetanus

waves elicited in many of the activ-e cortical loci bv

the local application of strychnine solution were re-

corded in the central brain stem (physiological neuro-

nography) (67). Such connections were reported from

prefrontal (283), cingulate (204, 280), orbital (235),

precentral (177), parietal (Kaufman, A., D. Hansen

& T. Shaw, unpublished observations), occipital

(178) and temporal (5) regions. It probably is not

essential for structures capable of energizing the RAS
to display as intimate a relationship with the brain

stem as indicated by these neuronographic studies,

however. At least, important influences are known
to be exerted by the multisynaptic spinoreticular

system, and the rhinencephalon may well have devious

as well as direct contacts with the RAS (2).

EVOKED potentials: CONDUCTION RATES. Potentials

evoked in the central brain stem by peripheral nerve

or receptor excitation display latencies which are

somewhat longer than are those recorded more
laterally in primary conductive systems (83). Re-

sponses evoked by sciatic stimulation exhibited laten-

cies of 12 to 18 msec, in the RAS as compared with 6

to 9 msec, in the medial lemniscus at the same level.

Auditory potentials were even more slowly conducted,

requiring an elapsed time of 9 to 11 msec, to traverse

the distance from receptor to lateral lemniscus and
16 to 20 msec, to reach the RAS. Cortically-elicited

responses exhibited comparable or even longer con-

duction times. Latencies from frontal oculomotor

fields were found to be 6 to 12 msec, and similar re-

sults were obtained from other neocortical (79) as

well as rhinencephalic (4) structures. Impulses are

transported, therefore, from the sciatic to the RAS at

the rate of about 1 7 to 30 m per sec. and from the

cortex to the RAS with a speed of 3.5 to 6.5 m per sec.

Conduction within the reticular formation itself is

even slower, occurring at a rate of only i .5 to 3 m per

sec (83). Such slow transport of potentials within the

RAS has led to the conclusion that short chain neuron

systems must be involved in reticular conductioii (169).

Conduction time from the sciatic and other periph-

eral stimulus sites did not vary significantly when
measured to caudal or thalamic portions of the

reticular systems (83). Similarly, little variation was

noted between the cortex and various recording sites

throughout the extent of the RAS (79). These ob-

servations prompted the conclusion that the principle

delay in reticular as compared to lemniscal potentials

occurred in the centrally located structure itself.

Rapid conduction occurred from the sciatic to the

brain stem where discharges entered the reticular
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formation throughout its extent by means of a brush-

work of collateral fibers. Subsequently, repeated

synaptic delays intervened to retard the conduction

of the impulse markedly. A comparable time-se-

quence was encountered in studying other reticular

inputs.

All stimulus transmission within the RAS is not

conducted at such slow rates, however, as occasionally

fairly short latency responses are evoked in the cephalic

brain stem on stimulation of the medullary reticular

formation. It is probable that such responses are re-

corded in fiber collections such as the central teg-

mental tract (162), hence that rapid as well as slow-

cephalic transportation of impulses is characteristic of

the RAS.
Another distinction between potentials e\oked in

'primary' and in 'secondary' .sensory systems relates

to the wave form exhibited by each. Lemniscal re-

sponses as recorded upon a cathode ray oscilloscope

exhibit a sharp, spike-like initial deflection lasting 8

to 1 2 msec, followed by a wave of longer duration

and frequently opposite polarity (83). By contrast, in

centrally-evoked responses, the initial short-duration

spike-like discharge is lacking, the potential appear-

ing as a high-amplitude wave of long duration. Poten-

tials evoked in the RA.S from cortical stimulation ex-

hibited comparable appearances to these discharges of

peripheral origin. The wave-like form and long time

course of evoked reticular activity suggests, in the

light of recent work, that dendrite potentials may be

prorninently involved (54, 220). The absence of re-

cruitment is not in favor of this possibility, however.

EVOKED pOTENTL\Ls: REPETITIVE STIMULI. Significant

differences between the electrophysiological char-

acteristics of RAS and primary sensory pathways was

exhibited by responses resulting from multiple shock

stimuli. Paired or multiple shocks applied to periph-

eral nerve or receptor systems at 37 msec, intervals

evoked serial volleys in the appropriate primary

brain-stem pathway for as long as the pulses continued,

the second and succeeding responses being only

modestly attenuated. By contrast, in the RAS the

second pulse was diminished in amplitude and suc-

ceeding responses eliminated when stimuli were sep-

arated by as long as 92 msec. (83). Comparable at-

tenuation was encountered when the second of a pair

of shocks was applied to a source different from the

first (38, 39, 83). For example, a click response was

occluded if elicitation was attempted 13 msec, or a

cortical response 10 msec, after a potential was

evoked in RAS by sciatic stimulation {79, 83). In

addition, Bremer & Terzuolo (38) first were able to

demonstrate facilitatory as well as blocking interaction

between potentials evoked by stimulation of two re-

ceptors in rapid succession. The long recovery time

appears to be a function of the multisynaptic organi-

zation of the RAS. Moreover, the reticular system

cells will react to a great variety of inputs, whereas

specific conduction pathways and nuclei are sensi-

tive only to signals of one modality.

MicROELECTRODE STUDIES. Knowledge concerning the

function of the reticular forination has been greatly

advanced in recent years by the wealth of information

which has become available concerning the responses

by single cells within it (9, 10, 90, iii, 192, 241,

270-272). This material has been beautifully epito-

mized and interpreted by Moruzzi in symposia on the

subject (196, 197). In general, the results of these in-

vestigations can be said to confirm and extend those

of earlier macroelectrode studies.

A variety of resting rhythms in reticular cells have

been described which are characterized by low fre-

quency firing (2 to 5 per sec), more rapid sustained

discharge (50 to 100 per sec.) or intermittent spiking

{10, 197). These characteristic discharges have been

shown to be altered by potentials reaching the unit

from a variety of stimulus sites. The firing rate was

augmented on some occasions while at other times it

became inhibited (10, 241). That existing conditions

of excitability in stimulus and recording site influenced

the response to some degree was indicated by the fact

that, at different times, a stimulus induced both aug-

mentory and inhibitory responses in a single unit

(272). However, true and consistent reversal in reac-

tion of a single cell was demonstrated by Gernandt &
Thulin (95). They found that firing of a unit was

augmented by vestibular stimulation induced by

turning the head in one direction while inhibition fol-

lowed reverse vestibular excitation. Also, a single stim-

ulus was found to increase the activity of some units

and decrease the firing of others (241). Responses

such as these appeared to be quite consistent, suggest-

ing to Scheibel et al. (241) that characteristic patterns

of firing were exhifjited by individual neurons of the

RAS.
Responses ha\e been elicited in reticular cells by

stimuli applied to nerves or receptors of somatic sen-

sory (to, 90, III, 241, 270), vestibular (95), auditory

(ill, 241), visual (75), neocortical (usually in or near

motor cortex) (i 1 1, 272) and cerebellar (45, 90, 272)

structures. The cerebellar vermis was more responsive

to positive polarization than to single shocks (45).
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Single pulse excitation of a stimulus source would

usually suffice to elicit a response, although increas-

ing numbers of units were recruited following itera-

tive pulses (ill). Convergence of impulses upon a

single unit initiated by stimulating several sources

(9, 241, 270) was comparable to that demonstrated

by macroelectrode techniques. This convergence was

prominent but not absolute (10, iii, 241). These re-

sults confirm evidence which indicates that the reticu-

lar formation is a system of neurons responsive to di-

verse rather than specific stimuli. They suggest,

moreover, that some organization of response to com-

plex stimuli may occur in the RAS as well as in pri-

mary systems.

CEPHALIC CONDUCTION OF RAS INFLUENCE. Thc reticular

activating system consists of a caudally-located reticu-

lar portion and a rostral thalamic portion. While EEG
and behavioral arousal elicited from rostral and

caudal RAS appear identical, the two zones exhibit

differences in responsiveness to slow frequency stim-

ulation, divergent sensitivity to drugs and contrasting

influences upon spinal structures. The thalamic seg-

ment will be discussed in detail in a separate review

and will be mentioned here only briefly.

Anatomical evidence has indicated that cells in the

reticular formation connect with mid-line and intra-

laminar nuclei of the thalamus which suggests that

reticular influence upon the cortex is mediated at

least in part by a thalamic relay (42, 285). Reticular

neurons which bv-pass the thalamus also have been

demonstrated, thus an additional or alternative route

through which reticular influences could reach the

cortex appears to be at least potentially available

(202, 239, 285). The existence of these dual pathways

has been verified physiologically (263), although it

is not possible at present to a.ssess the degree of inde-

pendence each is capable of displaying in mediating

arousal.

Single-shock pulses applied to both caudal and

cephalic portions of the RAS evoke widespread corti-

cal responses which have similar wave forms and long

time courses. Such responses appear to be comparable

to 'synaptic' potentials in the spinal cord (69), hence

represent fluctuation in the excitatory state of large

neuron populations (52, 54, 154, 157, 220). Cephali-

cally oriented influences of reticulothalamic structures,

therefore, seem to be comparable in nature to cau-

dally-directed effects where similar slow potential

shifts are known to modify unit discharges in motor

neurons (150, 151, 266).

Wakefulness and Sleep

As its structural organization would indicate, the

RAS, when stimulated directly or through any of its

principle inputs, is capable of initiating widespread

alteration of electrical activity in cephalically-oriented

cerebral structures. These modifications in the EEG
clearly have functional implications, the most impor-

tant of which relates to the state of awareness exhibited

by the subject. Slow wave activity such as spindle-

bursting and recruiting have features resembling the

tracing of sleep, while low-voltage fast activity in-

duced by repetitive reticular excitation parallels the

appearance of the wakeful tracing. It becomes neces-

sary, therefore, to examine behavioral responses which

result from experimental stimulations of the RAS and

relate them to electrical alterations. (Chapter LXIV
by Lindsley in this Handbook may also be consulted

concerning consciousness and sleep.)

.AROUSAL RESPONSE. The Concept of a mesodien-

cephalic sleep regulating mechanism is an old one

(175). Early experimental observations by Hess sug-

gested that a sleep center existed. He was able to

induce delayed somnolence in chronically prepared

animals by prolonged excitation in the region of the

mid-line thalamus, presumably the diffusely project-

ing thalamic nuclei. Subsequently, a contrasting pro-

posal was made which suggested that initiation of

wakefulness, not sleep, was the function of the brain-

stem centers (191). The electrocortical events char-

acterizing wakefulness were elicited by hypothalamic

excitation (199), and behavioral changes suggesting

arousal (251) were induced by cortical stimulation.

However, Moruzzi & Magoun (198) first recognized

that the process of arousal depended upon excitation

of the central brain stem and elaborated the physio-

logical mechanism responsible for it.

It has subsequently been demonstrated that EEG
arousal results from excitation of the RA.S or any of

its principle inputs, and rapidly repetitive pulses are

found to be most effective for this purpose. EEG de-

synchronization has been induced by appropriate

excitation of the same nerves or receptors which, when

stimulated with single shocks, induce responses in the

reticular formation. More specifically, EEG arousal

in animals immobilized by cervical cord section

{encephale isole of Bremer) or curare has been induced

by stimulation of peripheral nerves (85, 263), auditory

receptors (85, 105, 263), olfactory system (34, 59,

105), sympathetic nerves (85) and vagi (59, 286).

Comparable effects can also be elicited by stimula-
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tion of active cortical loci (39, 79, 245), fastigial

nuclei (198) and caudate nucleus (247).

Behavior arousal can be assessed in acute experi-

ments when the animal is capable of moving or in

chronic preparations in which electrodes have been

implanted in appropriate structures. Employing the

latter procedure, Segundo li al. {244) were able to

induce immediate arousal in sleeping animals upon

applying short low-voltage bursts to active cortical

loci and to the reticular system. Awakening occurred

without any suggestion that it was secondary to pain

or movement. Concurrent EEG recording showed

appropriate transition from the synchrony of sleep to

the desynchrony of wakefulness. By contrast, stimula-

tion of other regions failed to evoke wakefulness even

though much stronger excitation was employed.

The sleep-inducing responses reported by Hess

(115) presuinably are elicited by driving the thalamic

portion of the reticular system at a rate comparable

to slow the EEG frequencies observed during sleep.

That such is the case is suggested by the findings of

Akimoto et al. (6) who were able to induce sleep in

dogs by stimulating the diflfuse thalamic projection

system with 5 cps pulses, while 30 to 90 cps bursts to

the same region awakened the animals. This evidence,

together with that demonstrating that thalamically-

induced recruiting is obliterated during EEG arousal

(198), supports the suggestion that rhythms subserving

both wakefulness and sleep are mediated by common
neural pathways.

There is no doubt that the entire central brain stem

from the medulla to the diencephalon participates in

the arousal reaction since the response can be elicited

from the reticular formation (85, 244), thalamus (85,

244) and septal region (105). In addition, transient

arousal is possible even in animals decerebrated at the

intercoUicular level upon the application of olfactory

stimulation (13, 34, 37). The activating function of

the more cephalic portions of the system, however,

appears to require the energizing influence of its

caudal .segment (37) since medullary transection does

not induce coma (158, 159) while mesencephalic de-

cerebration does (33, 158, 159). Moreover, increasing

the size of chronic lesions in the RAS induces pro-

gressively deepening stupor (81, 159), and compara-

ble interference with these mechanisms in man elicits

prolonged or permanent coma (48, 78, 128). By con-

trast, experimental lesions in the lateral sensory tracts

do not induce apparent alternation in the wakeful

state (158).

The RAS is capable, probably, of some spontane-

ous or autochthonous discharge (37, 59, 196) al-

though, certainly, the bulk of its tonic potency is de-

rived from its several inputs. However, some receptor

systems exert a more powerful excitatory influence

upon the RAS than do others. Stimulation of the

visual nerves has been found to be least effective (13)

and somatic sensory excitation most potent in this

regard (85). In the encep/iale isole where sensation is

retained only from the head, relatively normal wake-

fulness is exhibited (33). In such preparations de-

struction of olfactory, visual, acoustic, vestibular or

vagal afferent inputs does not interfere with arousal

while bilateral destruction of the gasserian ganglia

abolishes wakefulness (227, 231). Moreover, in trun-

cation experiments, the capacity to arouse is retained

until the transection is made rostral to the trigeminal

nucleus at which time the sleep-state of the cerveau

isole is induced. Clearly, therefore, somatic sensibility

from the head is a more powerful contributor to tonic

reticular excitation than are all other inpiU systems.

PROLONGED WAKEFULNESS. While the brain-stem re-

ticular system is a critical structure in the mechanism

of arousal, it has no intrinsic capacity to induce or

sustain wakefulness when separated from higher struc-

tures (78). The activity generated within the reticular

system must be exerted upon thalamodiencephalic

centers, and through them upon the cortex, in order

for the alert state to be displayed. Destruction of any

portion of this system, the RAS, its thalamic transport

or its cortical terminus, render wakefulness impossible

or seriously distorted (78).

Reference is made repeatedly in this review to

active cortical loci which, when stimulated, elicit

arousal (38, 39, 79). It has been proposed that such

loci contribute to this process of arousal by function-

ing in the maintenance of prolongation of sensory-

induced awakening (78). It is true that decorticate

animals and man exhibit transient brief periods of

apparent wakefulness but during such temporary

arousal, alertness or appropriate reaction to en-

vironment is impossible. It appears, therefore, that

crude arousal is possible without cortical contribu-

tion but, certainly, the intact cortex is essential for

prolonged sustained alert wakefulness characteristic

of the normal adult subject.

Xeurohiimoral Riticular Mechanisms

The influences of metabolic substances, humoral

agents, drugs and circulating homones upon arousal

mechanisms mediated by the reticular system have

attracted much attention recently (24, 26, 28, 30,
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60, 123, 124). The critical contributions sucii sub-

stances make to visceral mechanisms are well es-

tablished. Chemoreceptors in great vessels and brain

mechanisms regulating respiratory and cardiovascular

phenomena have long been recognized to be sensitive

to variations in circulating carbon dioxide. Only

lately, however, has it been recognized that this

metabolite exerts a prominent stimulating effect upon

the reticular formation (60) and an enhancing effect

upon cerebral circulation (124). That the influence

is direct rather than reflex is indicated by the ob-

servations of von Euler & Soderberg (273) who
noted that vigorous discharge was elicited in units

of the deafferentiated caudal brain stem by ventilat-

ing the animals with 6.5 per cent carbon dioxide.

Moreover, Dell (60) described augmented firing

in reticular units of a brain stem completely isolated

by transections at the postmammillary and pre-

trigeminal levels, and presumably this metabolic

excitation is exerted upon the entire reticular forma-

tion. By contrast, oxygen was found to have an in-

hibiting effect upon the reticular formation and this

influence appeared to be mediated exclusively through

carotid body reflexes (60).

The role of epinephrine and of acetylcholine has

long been studied in the peripheral autonomic system,

but adrenergic and cholinergic mechanisms have only

recently been found to participate importantly in

functions subserved by the reticular formation. It has

been demonstrated that EEG arousal can be induced

by administrations both of acetylcholine and cholin-

ergic and anticholinesterase drugs {26, 28, 60) and

of epinephrine as well as adrenergic drugs (24, 26-28,

60). The fact that adrenergic and cholinergic sub-

stances both excite the reticular formation has led

Rothballer to suggest that separate brain-stem mecha-

nisms respond to each agent (232) and Vogt has been

able to find epinephrine and acetylcholine in differ-

ential amounts at various loci in the neuraxis (269).

These agents appear to act directly upon the reticular

formation (24, 60) as well as upon structures repre-

senting more cephalic extensions of it, for Porter

has described EEG activation of the posterior hypo-

thalamus in response to circulating epinephrine (216).

Moreover, Sawyer has reported that anticholinergic

and antiadrenergic agents each block neurogenic

stimulation of the release of pituitary gonadotrophic

hormone (236).

There can be little doubt that these neurohumors

act directly upon reticular systems and hence upon

structures which are activated alternatively or ad-

ditionally through neural pathways. Reticular unit

discharges have been induced equivalently by in-

jections of epinephrine, by hypoxia (through the

carotid chemoceptor reflex) and by stimulation of

the lingual nerve (60), indicating convergence from

both neural and humoral sources. Arousal of the

EEG evoked by neurohumors is the consequence of

their action upon the brain stem rather than the

cortex, for desynchronization to epinephrine does not

occur in animals with intercoUicular decerebration

(60). Bonvallel el al. (24) suggest that arousal to

noxious stimuli has a dual .source: the initial rapid

desynchronization is thought to be mediated by

neural excitation of the reticular formation, while

slower epinephrine activation serves to perpetuate

arousal. Thus, reticular stimulation by either neural

or humoral agencies is capable of inducing cortical

activation through common reticulocortical path-

ways. Perhaps such corticipetal conduction can itself

be mediated by humoral mechanisms for, following

reticular formation stimulation, Ingvar has ob-

served EEG desynchronization in the cortex com-

pletely isolated from the rest of the brain. Caudally-

oriented reticular formation influences are equally

sensitive to humoral excitation, for Dell has shown

that the myotatic reflex in decerebrate animals is

facilitated by epinephrine administration and in-

hibited by carotid sinus stimulation (60). Also Sigg

et al. (248) demonstrated that adrenal medullary

substances can excite or inhibit cortically induced

movement through action on the reticular formation.

Clearlv, then, these dual excitatory influences must

compliment each other in eliciting all of the responses

which result from reticular formation activation.

Drug Effects

ANESTHESIA. When the reticular formation is de-

stroyed or injured either in animal or in man, the

subject is rendered comatose, insensitive to stimuli

and, except for reflex responses, immobile (76, 78,

81). Because the administration of anesthetic agents

induces such behavioral changes reversibly, it might

be presumed that these drugs exert a selective effect

upon the reticular formation. In general, available

information has shown this postulate to be true,

although depressant drugs are known to affect other

neural regions as well as the central brain stem.

Evidence has been presented by Larrabee &
Posternak (145) and reviewed extensively by Brazier

(31) which indicates that anesthetic agents exert

a blocking effect upon synaptic transmission to a much
greater extent than upon nerve fiber conduction
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(109). The reticular formation is known to be a multi-

neuronal system as compared to the paucisynaplic

direct sensory pathways, therefore, the former region

would appear to be far more susceptible to these

drugs than the latter.

The selective susceptibility to anesthesia of such

polysynaptic systems as the RAS has been empha-

sized in the past (12, 80, 84). It was demonstrated,

for example, that potentials evoked in the reticular

formation were completely blocked following the

administration of ether, barbital and other central

nervous system depressants. By contrast, responses

to the same stimuli persisted or were even enhanced

in the medial lemniscus and postcentral gyrus follow-

ing anesthesia (84), even though their latency was

slightly prolonged {31) and the recovery time to

paired shocks was extended ( 1 74)

.

The above evidence clearly indicates that anes-

thetics do not prevent impulses conducted in primary

systems from reaching the brain, even though such

cortical inputs arrive in a somewhat modified form.

In the case of more widely distributed cerebral po-

tentials, a paradox exists. Responses with moderately

long latencies (12 to 30 msec.) evoked in widespread

cortical loci from sensory nerve or reticular formation

stimulation are obtainable only in the unanes-

thetized preparation (198, 262) while the 'second-

ary" response of Forbes (77), also conducted pre-

sumably through centrally located pathways in the

brain stem, is enhanced by barbital anesthesia. The
answer may lie in Morison's suggestion (Morison,

R. S., personal communication) that the latter pro-

jections traverse an extrathalamic route while the

former are conducted by thalamic as well as by sub-

thalamic structures.

The effects of anesthetic agents upon spontaneous

and driven cortical EEG rhythms are well established,

but interpretation of the mechanisms involved has

varied considerably. In general, cortical desynchrony

and alpha rhythms which accompany wakefulness

are replaced by the synchrony and spindling of

sleep following anesthetic administration. Moreover,

rapidly repetitive stimulation (e.g. 50 per sec.) of the

reticular formation, either directly or through excita-

tion of its collateral sensory input, does not result in

activation of the record in the anesthetized animal

(12, 80). In contrast, the recruiting response elicited

by 6 to 12 cps stimulation of the diffusely projecting

thalamic nuclei is enhanced by barbiturates, although

ether blocks this response as it does EEG activa-

tion (140).

In addition to elimination of the arousal response,

anesthetic agents seriously modify caudally-directed

functions of the RAS which are expressed upon motor

and sensory systems. Blockade of brain-stem activitv,

such as is known to exist in the anesthetic state, renders

the subject quite atonic and incapable of voluntary

or even reflex movement. Animals which were made
chronically spastic by extirpation of the cruciate

region relaxed under anesthesia (205), suggesting

that tonic facilitatory influences from the reticular

formation ceased with anesthesia.

However, there are divergent effects of drugs upon

the reticular formation which make it necessary to

re-examine the thesis that desynchrony is the in-

evitaijle electrographic behavioral manifestation of

wakefulness and that synchrony and sleep always

occur together. Funderburk & Case (87) have shown

that atropinized animals appear awake and alert

yet exhibit a synchronized EEG and the observation

has been confirmed by Bradley & Elkes (30). It

might be proposed that atropine blocks a cholinergic

desynchronizing mechanism in the reticular forma-

tion (236) yet does not interfere with other reticular

phenomena related to the preservation of behavioral

wakefulness. By contrast, reserpine tends to induce

inattentiveness and drowsiness without synchronizing

the low voltage fast activity in the EEG (139)-

Mephcnesin, an interneuron blocking agent without

anesthetic properties, depresses the recruiting response

elicited by stimulation of the diffuse thalamic projec-

tion system but does not alter EEG arousal from the

mesencephalic reticular formation (140). Chlorpro-

mazine causes only a slight increase in stimulus

threshold for EEG arousal from thalamic stimulation

but increases by lo-fold the current required to elicit

behavioral arousal from the same site (139). Behavioral

and EEG arousal following reticular formation

stimulation were not critically affected by this drug.

MOOD-ALTERING DRUGS. The esidcnce available at

present concerning the mode of action of the so-

called 'mood-altering' drugs is not only meager Ijut

highly confusing as well. Leake (147, 148) and otiiers

have called attention to the fact that all substances

which induce these changes in 'mood' have in common
an indole or indole-like linkage in their chemical

structure. It has been further pointed out (147) that

epinephrine and in particular its metabolites, such

as adrenochrome and 5-hydroxytrytamine (sero-

tonin), contain this linkage. Moreover, other sub-

stances such as lysergic acid-diethylamide (LSD)

and even the alkaloids, cocaine, atropine and mor-

phine have important structural similarities. All of
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these agents when administered to man in appropriate

doses have the common property of altering percep-

tive experience.

It is possible that the 'psychogenic' properties of

drugs such as LSD relate in general to actions which

tend to excite reticular function just as do such stimu-

lant substances as epinephrine, acetylcholine, and

5-hydroxytrytamine. Amphetamine and other ex-

citatory drugs are known to exert a facilitating effect

upon the reticular formation (12, 60). LSD, a com-

pound somewhat similar in structure and effect to

5-hydroxytrytamine induces symptoms characterizing

psychotic behavior rather than sleeplessness. Yet

LSD dcsynchronizes the EEG as do other excitants

such as amphetamine (29). Leake (147) suggests that

the direct effect of epinephrine upon the brain is de-

pressant, and Marrazzi (173) has demonstrated that

it is a powerful synaptic inhibitor when injected into

the cerebral circulation. Leake feels that its excitant

action upon central ner\ous structures stems from its

peripheral action and is .secondary to proprioceptive

feedbacks into the Ijrain stem.

It was proposed initially that chlorpromazine and

reserpine exerted an anesthetic-like effect upon re-

ticular function (116, 117). Recent evidence, how-

ever, indicates that EEG activation to reticular forma-

tion stimulation is only slightly altered by these drugs

(28, 138), although behavioral arousal from excita-

tion of the thalamic portion of the reticular system is

somewhat more depressed. The relative inattentive-

ness displayed by animals given chlorpromazine may

relate principally to its action upon sensory modulat-

ing functions of the reticular formation to be described

later (11, 138). The increased reticular inputs which

are known to attend chlorpromazine administration

are thought to enhance caudally-directed inhibitory

influences exerted upon afferent conduction (138).

This inhibition, coupled with a depressed cephalic

influence exerted upon cerebral structures (arousal

response), would appear to contribute importantly to

'tranquility.'

The fact that Parkinson-like tremor may be mani-

fested following excess chlorpromazine and reserpine

ingestion suggests that an action upon the reticular

formation may relate to this toxic symptom. Tremor

is known to arise when lesions are made (227) or when

stimulation is applied (284) to the central brain stem.

Drugs such as scopolamine may inhibit tremor by

diminishing the cholinergic excitability of the reticu-

lar formation.

DESCENDING INFLUENCES

It is probable that all motor acti\ity is accomplished

through modulation of segmental reflex patterns by

inter- and suprasegmental influences (71). Discharges

are elicited in the motoneuron, the instrument of the

final common path, in response to local .sensory driv-

ing, but the primitive purposes subserved by pure

reflex activity have required amendment to permit

the addition of postural modification and volitional

direction to this local phenomenon. Implicit in the

process of encephalization is the requirement that a

major portion of these calibrating and driving in-

fluences emanate from the cephalic or direction end

of the modified neuraxis. It is now known tliat the

brain mechanisms concerned with postural regula-

tion exert their influences in large part through the

reticular formation. (See Chapter XLI of the Handbook

in which Eldred discusses postural mechanisms.)

Orthodox concepts concerning the influences of the

brain upon tonic muscle function stemmed from the

observation that an animal is rendered spastic by a

transection of its neuraxis in the midljrain and re-

mains .so as more caudally located transections are

successively made until the region of the vestibular

nuclei is reached. Division of the brain stern just below

this level results in the disappearance of spasticity,

and following the explanation by Magnus, it was held

that the enhancement of tone observed in the decere-

brate preparation was maintained by vestibulospinal

activity. In 1932, Allen (8) offered an alternative sug-

gestion. "On the other hand, it might be explained

that the section below Deiters nucleus eliminated all

or practically all of the connections of the formatio

reticularis of the brain stem." In 1946, documentation

of this proposal began to be provided by Magoun and

his associates who found that the reticular formation

was capable of exerting pronounced facilitation and

inhibition upon spinal motor activity.

Inhibition

Magoun & Rhines (171, 172) described experi-

ments upon decerebrated or anesthetized cats in which

movements induced by evoking reflexes or exciting

the motor cortex were immediately inhibited or abol-

ished when the reticular formation was stimulated.

Clearly this inhibition was transmitted by rapidly

conducting neurons as its effect reached a maximum
after 9 msec. (15). Furthermore, it could be evoked

by brief low-threshold shocks of wide frequency range.

The descending reticulospinal fibers invoUed are
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diffusely scattered throughout the anterior and lateral

funiculi of the spinal cord (205) and, while the most

prominent inhibition was observed ipsilaterally,

bilateral effects were easily demonstrated.

The brain-stem area from which inhibition could

be induced was originally thought to be confined to

the medioventral reticular formation at the bulbar

level (205). Subsequent observations by Hodes et al.

(119), however, described effective loci throughout

the cephalic neuraxis to and including the septal

nuclei. Austin (15) likewise was able to elicit inhibi-

tion by stimulation of points in the region of the pos-

terior commissure, center median nucleus of the

thalamus, stria terminatis and red nucleus. The in-

hibitory effects first described were general and non-

reciprocal (171, 172, 261), but Bach (16) was able

to record reciprocal responses. Later, Sprague (258,

260) found that reciprocal effects were induced by

stimulation of some points within the reticular forma-

tion, and nonreciprocal responses from others.

Gernandt & Thulin (97) confirmed these effects of

reticular stimulation by demonstrating both reciprocal

and nonreciprocal inhibition of ventral root reflex

responses. The two-neuron stretch reflex was found

to be particularly susceptible to the inhibitory in-

fluences of the reticular formation while, concurrently,

the polysynaptic reflex was commonly, although not

uniformly, found to be facilitated (15, 97, 144)-

The existence of interneurons in the spinal cord

which have exclusively inhibitory properties was

originally proposed by Renshaw (225) and more

recently expanded by Eccles d al. (70). It is convenient

to think that specialized cells of this kind may relate

closely to the mediation of suprasegmental inhibitory

influences, but as yet no definitive evidence confirming

this possibility is available. Support for the concept,

however, is supplied by Lettvin who found that fibers

from an inhibitory reticular area end in the lateral

portion of the internuncial pool (150) and that direct

stimulation of this spinal region with microelectrodes

suppressed motor neuron activity.

Facilitation

In contrast to the inhibitory effects elicited by

stimulation of the medullary reticular formation,

Magoun & Rhines found that facilitation of spinal

motor activity could lie initiated by comparable

stimulation of loci higher in the central brain stem.

These effects were induced by excitation of the bulbar

reticular formation, midbrain and pontile tegmentimi,

periaqueductal grey substance, sub- and hypothala-

mus, and from the mid-line, intralaminar nuclei and

nucleus ventralis anterior of the thalamus. Peacock

& Hodes (210) subsequently observed that facilitatory

influences could be elicited from still more rostrally

located sites, for example, from the septum.

As with inhibition, this effect (169, i 72) was elicited

by low threshold stimulation and could be evoked by

a wide variety of stimulus frequencies. Its rapidly con-

ducting spinal path (93, 169) was bilateral and diffuse,

located in the ventral and lateral funiculi. In general,

facilitatory fibers were found to occupy more dorsal

and inhibitory fibers and more \entral locations in

the spinal cord, and each could be sectioned differ-

entially (205).

Both the two-neuron stretch reflex and the multi-

synaptic flexor response are subject to facilitatory in-

fluences from these suprasegmental areas, although

effects upon the myotatic response predominate in

flexor and extensor muscles alike (15, 144). Facilita-

tion of this response was accompanied either by in-

hibition or enhancement of the polysynaptic reflex

(15, 144), although inhibition predominated (144).

Both reciprocal {99, 260) and non-reciprocal fioi,

266) effects have been observed.

The effects of brain-stem stimulation upon reflex

activity in the spinal cord were foimd to be rapidly

conducted (93), although, as with p\Tamidal excita-

tion (44), recruiting build-up appeared to play an

important role in the elicited response. Lloyd (163)

showed tiiat augmentation of the monosynaptic reflex

did not occur immediately upon arrival at the spinal

level of facilitating influences. The effect required

much longer to become maximal and, as was found

when studying inhibition, prolonged (15) or recurrent

(144) facilitation was evidenced for as long as 10 sec.

(15) following cessation of the brain stimulus. A re-

bound reversal effect also has been noted at the ter-

mination of a facilitatory stimulus applied to the

reticular formation (97, 258).

In addition to augmentation of reflexly- or cor-

tically-induced movements, facilitatory influences

arising from stimulation of the brain stem can be

made suflficientlv great to evoke postural changes.

Sprague & Chambers (260) reported that threshold

bulbar stimulation near the mid-line initiated ipsi-

lateral flexion and contralateral extension, while

excitation of more laterally located points elicited the

opposite effect. .Such changes are related doubtless

to the contrasting effect upon reflex activity elicited

by medial and lateral loci in the RAS (97). Reticular

formation excitation, therefore, particularly with
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supramaximal stimulation, can augment the ex-

citatory state of spinal neuron pools already subject

to tonic reflex inputs to a degree which is sufficient to

elicit movement (163, 258).

Suprasegmental Influences upon Segmental

Motor Neuron Activity

Like pyramidal (44, 146, 164) and reflex systems,

(except the myotatic reflex) the reticular formation

appears to exert its facilitatory and inhibitory spinal

influences principally through interneurons rather

than upon motor neurons directly (163). Sustained

reticular excitation recruits expanding pools of in-

terneurons and these in turn summate their influences

spatially upon motor neurons (163). Lloyd (165) sug-

gests that faster reticulospinal influences may set the

stage for impulses arriving over the more slowly-con-

ducting pyramidal tract, and clearly both of these

excitations sum together with local tonic inputs to

elicit appropriate motor neuron excitation. Reticular

influences appear to be more enduring than are those

conducted via the pyramidal tract. Kleyntjens et al.

(144) found that facilitatory effects elicited by py-

ramidal activation lasted only for the duration of the

stimulus, while reticular excitation elicited prolonged

facilitation which outlasted the stimulus by many
seconds (15, 144).

The excitatory state of the anterior horn cell is

modified by changes in depolarization induced 'syn-

aptically' in it (69) and, presumably, reticular forma-

tion excitation elicits spinal facilitation or inhibition

by initiating such potential shifts. Local catelectro-

tonus induced experimentally in the spinal cord was

found to augment motor neuron firing (21, 36) while

anelectrotonus appears to inhibit segmental motor

activity (151, 266, 267). Comparable results were

seen to follow stimulation applied to the reticular

formation (94).

The reticular formation is now known to exert

powerful controls over sensory receptor and con-

ductor systems. This phenomenon will be discussed

in more detail later but must be mentioned here in

connection with motor systems, as gamma efferent

neurons which control activity of muscle spindles are

subject to reticulospinal influences (71, 101, 102).

Through this mechanism, so far found to be predom-

inately inhibitory in nature, suprasegmental struc-

tures exert powerful controls over reflex activity by

modifying spindle discharge rates.

Reticulopetal Inputs to Reticular Formation

Whether or not the reticular formation is capable

of independent tonic activity, certainly afferent inputs

from the cerebral cortex, cerebelluin, basal ganglia,

vestibular nuclei and sensory transmission systems to

the central brain stem influence it critically in the

performance of its contributions to muscular control.

CEREBRAL coRTE.x. All active cortical loci, along with

their multiplicity of other functions including arousal,

are known to exert an important measure of control

over voluntary and reflex somatic motor function.

Stimulation of some of these regions excites motor

movements; classically, such activity is known to arise

from activation of the motor and premotor cortex

as well as from frontal and paraoccipital eye fields.

Contrastingly, excitation of other cortical loci appears

to inhibit rather than initiate motor movement. Hines

(118) first reported inhibition of existing muscular

contraction by stimulating area 4S (between areas 4
and 6) and subsequently Dusser de Barenne and asso-

ciates (66, 68) designated four other zones as 'sup-

pressor' strips; these loci were situated in the frontal

and parietooccipital eye fields, postcentral gyrus and

cingulate gyrus. All of these cortical loci, stimulation

of which either initiates or inhibits movement, are

known to have intimate anatomic and physiologic

relationships with the reticular formation and to exert

a considerable measure of control over its activities.

A principal reason for considering these loci as

"suppressor' strips was that their excitation was

thought to express an inhibitory action upon the

myotatic reflex by way of the reticular formation

(177). In support of this concept was the observation

that resection of area 4S resulted in transitory spastic-

ity, presumably because this loss of suppressor input

to the reticular formation permitted unbalanced

facilitatory influence from the brain stem or vestibule

to augment myotatic activity in the spinal cord (156,

160). Also, Sloan & Jasper (250) showed that arrested

activity similar to that induced by stimulation of

thalamic portion of the reticular system (121) is

elicited in unanesthetized animals by stimulation of

the cingulate gyrus. Comparable cessation of move-

ment has been noted by Segundo et al. (244), by

Kaada (131) and by Clark et al. (55) following stim-

ulation of the active cortical loci
—

'suppressor' as

well as movement-inducing. Clark et al. (55) correctly-

indicated, however, that tone was not eliminated by

cingulate stimulation in the dog; the animal ceased

to move but did not collapse, and suppression of
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moveinenl induced by stimulation of the motor cortex

did not occur until the animal was anesthetized.

Both facilitatory and inhibitory influences appear

to be expressed from active cortical loci; it is even

likely that excitation and suppression both can ema-

nate from the same locus under dififerent conditions,

von Baumgarten el al. (270), for example, reported

that single shocks applied to the motor cortex were

followed at times by augmentation and at other times

by inhibition of responses in a single unit in the re-

ticular formation, depending doubtless upon the

local state of both stimulating and receiving cells. In

this regard, Livingston & Fulton (161) have called

attention to the fact that effects of cortical excitation

vary considerably according to stimulus character-

istics and temporal levels of excitability. Eliasson was

able to elicit both excitatory and inhiljitory responses

in gastric motility upon stimulation of the cingulate

gyrus (72). In the unanesthetized alert animal,

Segundo et al. (244) found that a state of immobility

was initiated by stimulation of modulating cortical

zones with threshold voltages while excessive activity

followed supraliminal stimuli.

Considerable question has been raised concerning

the validity of considering the active cortical loci

enumerated as 'suppressor' zones (i8g, 190, 249).

While it is probable that many of these objections are

valid, it seems clear that loci to which the term 'sup-

pressor' was originally assigned contribute impor-

tantly to modulation of motor mechanisms as well as

to other caudally and cephalically directed influences

mediated by the reticular formation.

It has been proposed that part, at least, of the

cortically-originating influence over motor functions

requires cortical re-entry after brain-stem transport

in order to exert its control by way of pyramidal or

extrapyramidal routes (46, iig, 210). Moreover, it

has been suggested that facilitation of motor cortical

response by brain-stem stimulation occurs within the

motor cortex itself (200). Supporting this concept are

the observations that motor abnormalities, such as

tremor, are improved by destruction of re-entrant

channels to the cortex from basal ganglia {57, 188)

and from the cerebellum (108). Yet movements elic-

ited from stimulating the pyramidal tract after

extirpation of the cortex are still facilitated by brain-

stem excitation (169). Reticulospinal influences ap-

pear to exhibit some measure of independence from

the cortex, therefore, although there can be no doubt

that properly functioning cortical structures are

necessary for normal control of tonic and phasic

muscular activitv.

CEREBELLUM. In 1 896 Sherrinsjton (246) showed

that faradization of the anterior lobe of the cerebellum

inhibited the extensor rigidity of animals with all

structures above the mesencephalon destroyed. Later,

Bremer (32) confirmed this observation and noted in

addition that excision of the cortex in this region re-

sulted in a strong increase in decerebrate rigidity.

Evidence is abundant now which indicates that such

cerebellar influences as these o\er motor functions

are mediated principally through reticulospinal con-

nections (196, 253).

It is now evident that both facilitatory and in-

hibitory influences can be elicited by stimulation of

the cereljellum (252, 254, 255). In fact Moruzzi sug-

gests that the nature of the influence induced is a

function of cerebellar discharge rate and that "every

Purkinje cell of the anterior vermis may be inhibitory

or facilitating according to the frequency of its dis-

charges" (195). Both facilitatory and inhibitory re-

sponses can be elicited by excitation of the same

cerebellar site with difTerent stimulus frequencies.

Nulsen et al. (206) suggested that anterior vermal

stimulation at faster pulse rates elicited facilitatory

influences, while Snider et al. (255) found reverse re-

lationships. Doubtless a species difference is important

as the cat and monkey reacted difTerently.

The most recent proposal concerning the func-

tional relationship between cereljellum and reticular

formation is that of Chambers & Sprague (51). They

suggest that this relationship is oriented longitudinally

in both structures. The medial cerebellar zone con-

sists of the vermal cortex which acts through the

fastigial nucleus upon the central reticular formation

and is concerned with postural tonus equilibrium and

locomotion of the entire Ijody. The intermediate zone

arises in the paravermal cortex and acts upon the

lateral reticular formation via the nucleus interpositus

and superior peduncle. This zone is considered to

function in more discrete control of the use of ipsi-

lateral limbs.

A feature of the cerebellar-reticular interrelation-

ship which bears comment is the apparent functional

organization which is displayed by stimulus sites in

the cerebellar cortex. Nulsen et al. (206) showed that

a high degree of specificity could be demonstrated by

cerebellar stimulation; discrete activation of specific

folia only would augment or inhibit single mu.scles

thrown into movement by cortical stimulation. The
organization of the motor propriocepti\e homunculus

on the cerebellum seemed to coincide quite closely

with the sensory homunculus described by Snider and

Stowcll (252, 256). By contrast, no such organization



THE RETICULAR FORMATION 1^95

pattern has been described for the reticular formation.

That some such order may exist, however, is indicated

by the microelectrode studies of Scheibel el al. (241)

and Hernandez-Peon & Hagbarth (iii) who were

able to activate some specific units in the reticular

formation by cerebellar polarization, but not others.

This matter clearly requires additional attention.

(The reader may care to consult Chapter LI in this

Handbook which considers cerebellar function.)

VESTiBt'LAR SYSTEM. Following early truncation ex-

periments it was suggested that vestibular function

was facilitatory in nature and tliat its powers were

exerted directly upon the spinal cord (168). Subse-

quently, it was demonstrated that, while decerebrate

rigidity is ameliorated by vestibular destruction (18,

156), facilitation of cortically- or reflexly-induced

movement could be elicited by brain-stem stimulation

after destroying vestibular nuclei or interrupting

their descending connections (18). It was concluded,

therefore, that both structures (reticular formation

and vestibular nuclei) acted upon segmental reflexes.

It has been suggested that vestibular influence is

directed principally at control of tonic reflex activity

while the reticular formation is concerned chiefly, if

not exclusively, with phasic responses (18). Because of

the functional relationships between brain-stem

structures, however, it is doubtful that a clear dis-

tinction of this kind can be supported. Ample evidence

now indicates that vestibular influences upon somatic

motor mechanisms are inextricably associated with

those of the reticular formation (95, 96, 135, 167), and

such connections are now known to represent the

principle route through which vestibular influences

are exerted upon the spinal cord (96). Thus, while

the vestibular nuclei are capable of acting directly

upon spinal reflexes, much more potent vestibulo-

spinal influences are exerted by way of the reticular

formation.

Vestibuloreticulospinal influences are bilateral,

and reciprocal effects upon flexor and extensor mus-

cles have been reported (96). In addition to being

reciprocal, however, responses appear also to be re-

versible as discharges from a single reticular cell

were augmented when the head was turned in one

direction (vestibular stimulation) and suppressed

when turned to the opposite side (95). Reticulospinal

excitation was found to be tonically energized by the

vestibular apparatus as bilateral eighth nerve section

caused the monosynaptic reflex to diminish and its

latency to lengthen (96). Vestibulospinal conduction

was very rapid; the direct response had a latency of

4 to 5 msec, to the ventral root of L7 while vestibulo-

reticulospinal transport required 7 to 9 msec. (93).

B.-^s.-^iL GANGLIA. It is Well knowu that the basal ganglia

form an integral part of the 'extrapyramidal" system,

yet no striopallidal effector pathway directly to the

spinal cord has been demonstrated. It has been pro-

posed that the principal influence of basal ganglia

upon spinal motor activity is exerted through thalamic

and cerebellothalamic reverberation to the cortex

and through pyramidal or parapyramidal transport

(47, 86). While such reverberation doubtless has

functional importance, it is also probable that activity

generated within the basal ganglia is expressed di-

rectly upon the spinal cord by way of the reticular

system (55, 170). The striatum is known to relate

anatomically with activating cortical zones (98) and

with the reticular system (65, 223). Striopallidal con-

tact with the cortex (68, 176) and with the thalamic

and brain-stem reticular system (247) has been es-

tablished by physiological testing. Pathways exist,

therefore, to mediate direct as well as cortical trans-

mitted influences from basal ganglia.

It has been reported that stimulation of the striatum

does not elicit movement, hence that the basal ganglia

required a background of cortically induced move-

ment to operate (86) Supporting this concept are the

observations that movements or postures elicited by

cortical excitation are inhibited (86, 186) or are

transferred into a state of plastic tonus (185) by

pallidal stimulation. Contrastingly, Sweet el al. (264)

have demonstrated that excitation of pallidal out-

flow in preparations in which the cerebral peduncles

had been transected resulted in repetitive movements

of the extremities. Ward (284) was unable to elicit

inhibitory responses upon stimulating the caudate

nucleus of unanesthetized animals.

That the basal ganglia exert an inhibitory in-

fluence upon motor mechanisms which is not con-

ducted via the pyramidal tract is suggested by the

fact that spasticity is elicited by cortical motor re-

section and that it is enhanced by subsequent striopal-

lidal destruction (160, 184, 243). Conflicting evidence

is supplied by clinical observations in which tremor

and spasticity are alleviated by surgical lesions made

in the basal ganglia (57, 188, 257) thereby, according

to Cooper (57), eliminating facilitatory contributions

to muscular tonus and movement.

In view of conflicting evidence, therefore, it must

be supposed that the basal ganglia contribute to

motor mechanisms largely by virtue of their connec-

tions with the thalamic and brain-stem reticular sys-
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tern. Additionally, however, striopallidal influences

must be strongly energized by cortical inputs and are

probably expressed through cortical re-entrant cir-

cuits. It is difficult, if not impossible, to label these

pallidal contributions exclusively facilitatory (57,

170) or inhibitory (47, 86, 158) and, as has been de-

scribed in connection with other structures (e.g.

cortex, cerebellum, etc.), probably elements of each

are to be discerned. In view of rekindling of clinical

interest in the matter, however, it is painfully clear

that striopallidal mechanisms require considerable

reassessment.

SENSORY INPUTS. As excitation of peripheral nerves

or sensory pathways in the central nervous system is

known to activate cephalically-oriented influences

mediated by the reticular formation (e.g. the arousal

response), it might be supposed that afiferent excita-

tion elicited in the brain stem would also energize

caudally-directed activities such as those exerted

upon muscle function and sensory conduction. Affirma-

tive evidence is extensive which indicates that reticulo-

spinal energies are influenced by sensory inputs, hence

only a few illustrative examples will be cited. Abbie

& Adey (i) showed that the frog with cerebral and

cerebellar structures removed was still able to main-

tain a good posture, presumably through retained

function of its brain stem. When dorsal roots were

divided, however, the postural response was elimi-

nated, von Euler & Soderberg (273) were able to

show that, while cells in the brain stem normally ex-

hibit a background of activity, the deaff'erented me-

dulla was relatively silent when tested for unit firing.

It has been demonstrated also that bulbospinal

discharges can be driven by sensory stimulation (270).

On the other hand, removal of sensory inputs is known

to deplete spinally-directed influences from the retic-

ular formation as division of the vestibular nerves

resulted in increased latency and diminished ampli-

tude of the monosynaptic response (96).

Spasticity

It is probable that all motor functions—not only

maintenance of normal tone but also mediation of

conditioned responses and voluntary motor move-

ment—can be explained on the basis of segmental

reflex activity as modified locally by inter- and

suprasegmental influences. Eldred et al. (71), following

a study of brain-stem control over gamma efferent

neuron activity and thus of the muscle spindle,

concluded, "Rough measurements . . . indicate that

the range of bias at the command of supraspinal

centers is adequate to cover the whole physiological

range of movement." Hence, it is necessary to con-

sider that the flexibility necessary to perform all

degrees and kinds of muscle activity resides in each

segment of the spinal cord. Skilled and voluntary

actions are initiated when the responsiveness of these

local mechanisms is changed and this change is

elicited by highly integrated facilitatory and inhibi-

tory influences arising in cerebral structures.

It is probably inappropriate to attempt a division

of suprasegmental influences into separate systems

which concern primarily tonic or postural phenomena

and those which modify phasic activity. There is no

doubt now that brain-stem stimulation can elicit both

nonreciprocal and reciprocal neuromuscular re-

sponses. The former clearly subserves not only tone

and posture but also the stabilization of joints by

nonreciprocal contraction of muscles during volun-

tary motor activity (93). The latter permits posi-

tioning of the trunk or limbs in keeping with the

requirements of voluntary movement. Implicit in

reciprocal responses is the fact that the myotatic

reflex of the agonist must be facilitated at the same

time that the myotatic reflex of the antagonist is in-

hibited. It is true that some division exists in the

brain stem between stimulus sites which elicit non-

reciprocal responses and those which induce recipro-

cal patterns, yet this parcellation is by no means

mutually exclusive. Further, inputs to these respective

brain-stem zones in general can no longer be classified

specifically as 'tonic' or 'phasic" contributors. For ex-

ample, the vestibule connects with both enhancing and

suppressing portions of the reticular formation and

activity elicited within the labyrinth induces change

in tone as well as position (97)-

While anatomical di\ision of the brain stem into

facilitatory" and "inhibitory" zones is difHcult, clearly

such a division exists functionally. Also these brain-

stem 'centers,' while exhibiting some sustained or

automatic activity of their own (60, 155) are con-

trolled by inputs from the spinal cord, cerebellum,

cortex, vestibule and basal ganglia. In general, each

of these inputs appears capable of supplying either

facilitatory or inhibitory energies; doubtless one of

the two predominates normally in all systems,

although the determining or governing features re-

main obscure.

It is diflicult, and possibly unnecessary, to tamper

extensively with classical concepts of decerebration.

Extensor rigidity increases as brain-stem transection

approaches the le\el of the vestibular nuclei and dis-
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appears following division below this region. It is

con\enient to consider in explanation that the succes-

sive transections eliminate inputs to the reticular

formation which are more inhibitory than facilitatory

thereby creating an imbalance in reticulospinal out-

put in the direction of facilitation. With each succes-

sive additional transection, less and less supraseg-

mental control over reciprocal function, tonic or

phasic, is retained. Finally, the last transection

eliminates most, if not all, that is facilitatory, leaving

only inhibitory centers or none at all.

As in truncation experiments, alterations of the

tonic state can be achieved by surgically modifying the

cerebral loci which appear to be particularly con-

cerned with motor systems. In cats, transient spas-

ticity can be induced by local resections of the peri-

cruciate region (156, 184, 243), the cerebellar vermis

(32, 156, 158) and striatum (156, 184) and destruc-

tion of all three increases and prolongs the rigidity.

This effect is subject to marked phylogenetic varia-

tion, as in the frog, for example, fairly normal ap-

pearing postures are possible in animals with the

bulk of the l^rain removed (i). In contrast, primates

exhibit severe postural rigidity and phasic incapacity

from cortical motor resection alone. (Clinical spastic-

its is discussed also by Denny-Brown in Chapter

XXXII oi \hh Handbook.)

p.AR.^PLEGi.'^. The data support in general the concept

of brain-stem facilitatory input to segmental reflex

structures rather than of spinal release in explanation

of decerebrate rigidity (156, 169, 172). The problem

of clinical spasticity, however, presents additional

considerations. Paraplegic transections below the

brain stem, principally in the lower cervical and upper

thoracic regions, initiate flaccid paralysis due, pre-

sumably, to elimination of suprasegmental influences

and to spinal shock. As time elapses, however, spas-

ticity develops and may progress to heroic proportions.

Botii hypertonus, commonly in flexion, and hyper-

reflexia are displayed. As suprasegmental inputs to

the spinal cord are impossible as an explanation of

these states, other causative agents must be sought.

A contributing feature to the spasticity of chronic

paraplegia may be the 'artificial synapse." Granit

et a/. (103) ha\e demonstrated that impulses are

'short-circuited" in acutely injured or transected

peripheral nerve; the excitatory discharge normally

conducted in a single fiber "leaks" into others. In the

spinal cord it would appear that such diffusion of

excitation could lead to mass-discharge. Renshaw &
Thermal! (226) showed that a similar phenomenon

can and does occur following incision within the

spinal cord and the observations of Scarff & Pool

(237) suggest that in human paraplegics short cir-

cuiting is a prominent feature at the proximal end of

the distal segment below a transection.

Another factor in the production of the spasticity of

paraplegia may be related to ephaptic discharge. It

has been suggested repeatedly that, in contrast to

synaptic transmission, one cell in the nervous system

may be capable of influencing its neighbor extra-

synaptically (or ephapticalh') simply by virtue of

proximity (14, 35, 91). Transection, conceivably,

could enhance or initiate such discharges in the

spinal cord.

Finally, influences characterized by the Schiff-

Sherrington phenomenon possibly participate in the

spastic state of paraplegia. It can be demonstrated

that an increase in decerebrate rigidity can be in-

duced in thoracic neuromuscular segments following

transection at the thoracolumbar level (94, 233). This

transection presumably eliminates tonic inhibitory

influences arising in the lumbosacral region from the

upper spinal cord. These observations imply that

inhibition and perhaps facilitation can arise in the

spinal cord itself. Transections inducing paraplegia

doubtless severely distort these influences.

AKINETIC MUTISM. In 1941 Cairns et al. (48) described

a patient with a cyst of the third ventricle which

pressed intermittently upon the mesencephalic brain

stem, inducing a state of immobility and vocal silence

called akinetic mutism. Ingraham et al. (122), Bailey

& Davis (19) and others (Ross-Duggan, J. & K. Rich-

land, unpublished observations; Skultety, F. M.,

personal communication) were able to produce a

somewhat similar syndrome in cats, and Peterson el

al. (211) and others (81) in monkeys by placing

lesions in the region of the caudal hypothalamus-

midbrain tegmentum and the periaqueductal gray

substance.

In his analysis of the problem, Magoun (169) sug-

gested that lesions responsible for this condition of

hypokinesis interfered with reticular influences

directed cephalically as well as caudally. There

appears to be, in milder degrees of akinetic mutism,

an element of lack of 'will' or of conation similar to

that exhibited by certain patients with lesions of the

cingulate gyrus (203), suggesting that cerebrothalamic

processes may have been rendered deficient by the

lesion. This defect coupled with deficiencies induced in

brain-stem facilitatory mechanisms were thought to

be responsible for the described syndrome.
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Tremor

In 1950 Magoun (169) reviewed existing informa-

tion concerning mechanisms active in the experi-

mental production of an alternating tremor of rest

comparable to the tremor of parkinsonians. While

additional information on the subject has become

available since that time, the nature of the disorder

underlying this rhythmically iterated movement is

still far from clear.

The tremor occurs during resting tonus and disap-

pears during the initial phases of activity and during

sleep (169). Antagonistic muscles are reciprocally

excited, creating the typical alternating movement

at the rate of 6 to 10 cps. The tremor exhibits no

constant rate, however, and frequency may differ in

various localities where it appears. It does relate to

muscle tension as increases in amplitude can be

demonstrated in muscles subjected to passive stretch.

Tremor of this type has been induced experimen-

tally by lesions placed in the ventral paramedian

tegmentum at the level of the red nucleus in monkeys

(211, 279, 282). When tiie lesion is unilateral, the

tremor is displayed principally on the opposite side of

the body (211, 279). A similar disturbance is some-

times seen following lesions placed in the region of the

cerebellar nuclei (211) and superior cerebellar pe-

duncle (50), although such tremors are prone to be

complicated by accompanying dysynergia (211, 282).

Yet Carrea (49) proposes that interference with

portions of the brachium conjunctivum be considered

the principal cause of these experimental tremors.

Ward & Jenkner (129, 281) have elicited a tremor,

comparable to those induced by brain-stem lesions,

in monkeys by stimulating rather than destroying the

reticular formation. As this tremor is reduced by

administration of cholinergic drugs, they suggest that

tegmental lesions inducing tremor isolate cells in

the reticular formation from higher structures; the

tremor is due, then, to rhythmical facilitatory activity

generated in these cells rendered hyperexcitable by

sensitization of denervation (129).

Whether or not the above-mentioned concept is

correct, many observations suggest that these induced

disturbances have their origin in disordered reticular

system function. It has been pointed out (282) that a

supraspinal origin is clearly indicated by the persist-

ence of tremor after posterior rhyzotomy (214) which

eliminates the stretch reflex. It is possible that this

suprasegmental influence can be conducted by way of

the pyramidal tract, presumaljly because of abnormal-

itv induced in re-entrant circuits which traverse

reticulocerebellothalamic structures (47). Credence

must be given this possibility as it is well known that

surgical lesions of the pyramidal system (47, 221)

will stop the tremor as it paralyzes the involved

musculature. Surgical lesions made in the nucleus

ventralis lateralis of the thalamus, however, do not

paralyze musculature but do eliminate the tremor in

certain instances (108), whether by pyramidal or

extrapyramidal conduction is not known.

Evidence suggests that rhythmic activity can be

elicited in spinal motor pools through facilitatory

reticulospinal pathways. Lloyd (163) showed that

reticulospinal volleys have a pronounced synchro-

nizing effect upon anterior horn cell discharge through

propriospinal collaterals. Also, Gernandt & Thulin

(97) showed that prolonged stimulation of the bulbar

reticular formation resulted in a curious waxing and

waning of the intensity of the monosynaptic reflex.

Similarly, Kleyntjens et al. (144) reported the produc-

tion of oscillations or fluctuations in reflex spike

amplitude following stimulation of the reticular forma-

tion, related possibly to a recrudescence of augmenta-

tion which followed cessation of a short facilitating

volley to the brain stem.

Such cx'idence suggests that imbalance within the

reticular formation is capable of inducing abnormal

brain-stem discharge of a facilitating nature. It is

anatomically possible for this disturbance to issue

toward the motor neuron both through pyramidal

and through reticulospinal channels. Both systems,

together with segmental reflex activity, sum their

effects at the motor neuron to create the nidus for

movement. Apparently, however, reticulospinal

mechanisms alone, if distorted, can reproduce rhyth-

mic excitatory states at segmental levels and such

oscillations doubtless contribute to tremor.

There is no information to explain directly why

the addition of surgical destructive lesions to the

basal ganglia or its outflows induces improvement

not only in the tremor but also in the spasticity of

parkinsonism (57, 188, 257). That it does so should

create a vigorous stimulus for amplified investigations

into tiie problem. (See Chapter XXXV in this

Handbook on extrapyramidal mechanisms.)

./AUTONOMIC MECH.'VNISMS MEDI.ATED BY

RETICLIL.\R F0RM.\T10N

While neural mechanisms implicated in the func-

tion of the autonomic nervous system will be discussed

in detail elsewhere in this work, particularly by
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Ingram in Chapter XXXVII, a review of the physio-

logical characteristics of the reticular system would be

incomplete without brief comment concerning its

contributions to viscera! phenomena. There is abun-

dant evidence which indicates that visceral mecha-

nisms, residing in the brain stem, are subject to

inhibitory and facilitatory influences from the senses,

higher neural structures and products of metabolism

in a way comparable to, if not identical with, those

exerted upon nonvisceral mechanisms. It is becoming

increasingly clear, in fact, that modifications in

somatic function induced by physiological or experi-

mental stimuli never occur without appropriate

adjustments in visceral response (64).

Interrelationships between somatic and visceral

mechanisms are indicated by the fact that stimulation

by a single electrode placed within the reticular

formation can rarely, if ever, be accomplished with-

out inducing a variety of effects (17). The basic reports

of Pitts et al. (213) and of Pitts (212) described two

discrete areas ventrally and dorsally located in the

medullary reticular formation which when stimulated

elicited inspiratory and expiratory responses, re-

spectively, in the respiratory rhythm of cats. Similarly,

Wang & Ranson (278) were able to elicit pressor

responses by stimulating the lateral medullary reticu-

lar formation and depressor changes by moving the

excitatory electrode to more ventromedial loci in the

bulb. Later, Bach (17) was able to confirm in a

general way the existence of discrete loci in the reticu-

lar formation which were capable of inducing, when

stimulated, appropriate modification of respirations

or of arterial pressure.

It is tempting to conclude that medullary centers

for enhancing or suppressing visceral activity function

much as do comparable, even partly coextensive,

brain-stem loci which influence somatic movement,

and such a proposal has been made (17, 120). Recent

investigations, however, do not entirely support con-

cepts which assign exclusively facilitatory or inhibi-

tory properties to specific brain-stem loci. Bach (17),

studying the effects of stimulation applied to tlie med-

ullary reticular formation simultaneously upon respira-

tion, arterial pressure and induced reflex activity, found

that usually all three processes were modified by excita-

tion of each stimulus point. Furthermore, responses

were not parallel in all instances; in fact, he found

that simultaneous facilitation occurred in reflex re-

sponse, respiration and arterial pressure in only g per

cent of the stimulation points tested.

While emphasis here has been placed upon respira-

tory and vasomotor responses to stimulation of the

reticular formation, examples abound of influences

this brain-stem region exerts upon other autonomic

mechanisms. The observations of Hemingway et al.

(no) clearly indicate that mechanisms contributing

to regulation of temperature control course from the

preoptic area through the brain-stem tegmentum and

enter in the lateral funiculus of the spinal cord with

other reticulospinal fibers to terminate upon seg-

mental neurons. Inhibition of shivering can be

elicited by repetitive stimulation of loci along the

extent of this axis in the reticular formation. Further-

more, structures contributing to mechanisms medi-

ating gastrointestinal function (73), vomiting (25),

the galvanic skin reflex (276) and a variety of other

autonomic functions, reside in the same extent of

brain stem reticular formation.

Inputs to autonomic centers in the brain stem paral-

lel in many ways similar connections with the reticular

formation which are known to function in control of

somatic structures. No attempt will be made here to

review specific sensory inputs to brain-stem 'centers'

regulating respiration, vasomotor control, gastro-

intestinal activity and other autonomic functions for

which the appropriate chapters in this Handbook

should be consulted. In addition to specific excitation

mechanisms, however, brain-stem regions implicated

in autonomic regulation are susceptible to non-

specific impulses converging upon them from most, if

not all, cranial and segmental sensory systems.

Through such contacts, reflex responses—marked

alteration in respiration following application of a

painful stimulus to the skin is an example—are made
possible. Thus, contributions made by somatic affer-

ent systems to brain-stem autonomic control are

comparable in every way to identical inputs which

modify reticular formation participation in such of

its other diverse functions as arousal, somatomotor

control and sensory modulation.

Inputs from the cortex to the reticular formation

are known also to exert important influences over

visceral mechanisms mediated by the brain stem. In

a previous portion of this review, evidence was pre-

sented which served to connect functionally discrete

cortical loci residing in the frontal oculomotor, sen-

sorimotor, cingulate, orbital, temporal, paraoccipital

and rhinal areas with the reticular formation. These

loci, known to be capable of inducing arousal and

influencing somatic motor movement, when stimu-

lated also elicit facilitatory and inhibitory effects upon

visceral function (11, 132, 133, 215). For example,

essentially all the cortical areas listed above have been

implicated in gastrointestinal function {82). Paral-
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leling these effects upon the gastrointestinal tract of

excitation of cortical efTector zones are observations

concerning facilitatory and inhibitory influences ex-

erted upon arterial pressure (20, 215), peripheral

vasomotor tone (74), respiration (20, 136), pupillary

reactions (251), galvanic skin reflexes (276, 277) and,

indeed, upon all phases of autonomic balance.

Paralleling the results of stimulation in the reticular

formation, the application of a stimulus to a single

cortical effector locus elicits responses in many differ-

ent effector systems. Bailey & Sweet (20), for example,

found that a stimulus applied to tlie orbital surface

of cats and monkeys inhibited respiration, caused a

rise in arterial pressure and inhibited tonus in the

gastric musculature; comparable accounts have dealt

with excitation of other cortical loci (11, 215). The

polyphasic responses elicited by cortical stimulation,

however, often appeared logically interrelated and

patterned into a recognizable behavioral unit {244).

Segundo et al. (244), stimulating the several cortical

effector loci in unanesthetized chronically-prepared

animals, obser\ed patterned responses appropriate to

naturally-occurring behavioral situations. Threshold

voltages elicited arousal, arrest of motion and atten-

tive alertness; supraliminal excitation to the same loci

induced roughing of the fur, increase in respiration,

facilitation of movement—in substance, behavior

normally attributed to fear and flight.

These responses to cortical stimulation are expressed

by way of the neural connections each effector locus

is known to have with visceral 'centers' in the reticular

system. Normally-developed autonomic controls in

higher animals and in man doubtless require cortical

transport through utilization of these connecting

pathwa\s.

The intimate relationship between functional com-

ponents of \isceral and somatic effector systems is

effectively demonstrated in truncation experiments.

As a result of the classical experiments of Sherrington,

effects upon muscle tone and reflex activity of pro-

gressively lowering the brain-stem transection are

well known. Transection at the collicular level causes

the animals to exhibit mild extensor rigidity. At the

same time, respiration is little effected, onl)- the

beginnings of periodic breathing; being displayed

(120). In addition, \asomotor control is largely

retained, while temperature control through panting

(23) is impaired and through shivering (iio) lost.

Midpontine transection renders the animal far more

rigid and causes it to display (particularly when

vagotomized) highly developed periodic or apneustic

breathing (265). At this point, control of vasomotor

tone and support of arterial pressure are impaired,

and mechanisms for control of temperature regulation

are lost. As the transection is lowered to midmedullary

levels, spasticity is lost, respiration becomes 'eupneic'

or ataxic, and maximum loss of suprasegmental influ-

ence over vasomotor tone and arterial pressure is

achieved.

INFLUENCE OF RETICUL.AR FORM.'VTION

UPON SENS.ATION

A recent development of the first magnitude has

concerned the influence of the reticular formation in

modifying sensory inputs to the central nervous

system. Ramon y Cajal (222) long ago remarked

upon the existence of centrifugal fibers which ap-

peared to terminate in relay nuclei of sensory path-

ways. Now, evidence exists which indicates that

efferent fibers of this type exert control over most, if

not all, afferent conduction systems from receptor

to cortex. This control is the subject of Clhapter XXXI
by Livingston in this Handbook.

The first evidence that central systems, particularly

the reticular formation, influence sensory input was

submitted by Granit & Kaada (102) for propriocep-

tion. Leksell (149) had demonstrated that muscle

spindles were under the control of anterior horn cells

of small size called gamma efferents. Granit & Kaada

(102) and others (71, 100, loi) were able to show

that reticular stimulation resulted in modification of

gamma efferent discharge and hence of spindle

activity.

Subsequently, similar controls were discovered in

other sensory systems. Loewenstein (166) showed

that the sensitivity of tactile organs in frog skin could

be modified by excitation of sympathetic nerves to

the test region and that these receptors could even

be made to fire spontaneously. King et al. (142, 143)

recorded a potential in the trigeminal nerve which

followed the primary response elicited by peripheral

stimulation and which they were able to show coin-sed

peripherally from its central nervous system origin.

It was suggested that these efferent potentials were

capable of modifying peripheral skin receptors and

might relate to such clinical disorders as trigeminal

neuralgia. Granit (99) observed both facilitation and

inhibition of retinal ganglion cells following excita-

tion of the midbrain tegmentum. Galambos (88)

found that auditory clicks recorded in the cochlear

nerve were inhibited by stimulation of the olivo-

cochlear bundle. Kerr & Hagbarth (137) were able

to inhibit olfactory bulb potentials by excitation of
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rhinencephalic structures. While the reticular forma-

tion has not yet been implicated directly in connection

with all these peripheral receptors, its participation in

the process of receptor sensitivity has been so well

established as to indicate that it contributes a measure

of control to all such systems.

.Similar influence, as so far investigated largely

inhibitory in nature, is known to be exerted by the

reticular formation upon spinal and brain-stem

sensory relays. Hagbarth & Kerr (107) found that

responses evoked by peripheral excitation were inhib-

ited by reticular formation stimulation in the poste-

rior column, both the dorsal root reflex aitd dorsal

column relay being involved. .Scherrer & Hernandez-

Peon (242) reported that similar stimulation inhibited

conduction in the nucleus gracilis, and Hernandez-

Peon & Hagbarth (in) noted comparable suppres-

sion in the sensory nucleus of the fifth nerve. Even

transmission in the ventroposterolateral nucleus of

the thalamus was seen to be modified by King el al.

(141) following reticular excitation.

There is reason to believe that reticular modulation

of sensory conduction is exerted tonically, at least

afferent responses in the spinal cord are enhanced fol-

lowing high spinal transection or anesthesia (107, 155)

or by destroying the reticular formation (112). In

spite of such tonic discharge, however, it is evident

that reticulopetal inputs contribute additionally to

sensory modulation.

Hagbarth & Kerr (107) were able to elicit inhibi-

tion of conduction in the spinal cord by excitation of

the sensorimotor, parietal and cingulate cortex as

well as from the anterior \ermis of the cerebellum.

This inhibition due to cortical excitation was compar-

able to that elicited by stimulation of the bulbar and

mesencephalic reticular formation. Kerr & Hagbarth

(137) induced olfactory bulb inhibition by rhinen-

cephalic excitation. Granit et al. (loi) reported that

excision of the anterior lobe of the cerebellum resulted

in paralysis of gamma efferent mechanisms. Adey el

al. {3) found that conduction within the reticular

formation could be facilitated or inhibited by stimula-

tion of all activating cortical loci including the

rhinencephalon. Thus, as in other functions mediated

by the reticular formation, that involved with control

of sensory inputs is subject to modification from

higher structures.

The implications and significance of these physio-

logical observations is being explored currently and

extensively by observations made on chronically

prepared or conditioned animals. These observations

are discussed elsewhere, and brief comment is made
here only to suggest that assessment of the role served

by the reticular formation in these studies will be of

the utmost importance. Green & Arduini (105) were

among the early observers to implicate the reticular

formation in the phenomenon that animals adapt to

repeated stimuli and are aroused most effectively by

new and strange stimuli. Subsequently, great interest

has been expressed in the electrophysiological corre-

lates of habituation to monotonously repeated stimuli

(89, III, 112, 113) and conditioning (89, 113, 130).

Already it has been possible to observe inhibition of

photically-evoked potentials in the visual system

during alerting elicited by acoustic or olfactory stimuli

and stimulation of the reticular formation (114).
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INTRODUCTION

THE UNSPECIFIC THALAMOCORTICAL projection svstein

constitutes the rostral portion of tiie ascending retic-

ular activating system of the brain stem (54, 55). It

is sometimes called the thalamic reticular svstem

(39). It partakes of some of the properties of the more
caudal portions of the reticular system in the basal

diencephalon and midbrain with which it is closely

connected. It serves to mediate and to distribute to

almost all areas of cortex, some (although not all)

of the ascending activation originating in the more
caudal portions of the brain-stem reticular system.

In addition, the thalamic reticular system maintains

a more direct control over the rhythmic electrical

activity of the cortex and may serve also as an intra-

thalamic integrating system.

The anatomy and distinct physiological properties

of the thalamic reticular system were first described

by Morison & Dcmpsey in 1942 (22, 23, 57). By
exploring the thalamus with a stimulating electrode

while recording the electrical activity from local

areas of the cortex in the cat, they were able to dis-

cover a separate projection system originating in the

intralaminar svstem of thalamic nuclei. The lonsrer

latency, widespread 'diffuse' distribution and 're-

cruiting' character of the cortical response to repet-

itive stimulation of intralaminar nuclei served to

distinguish this projection system from the local

short latency respon.ses to stimulation of specific

thalamic nuclei with known local cortical connections.

These obser\ations led Mori.son & Deinpsev to the

important conclusion that "there exists between

thalamus and cortex at least two systems, with very

different physiological properties: a, the well known
specific projection .system with a more or less point-to-

point arrangement; b, a .secondary non-specific

system with diffuse connections" (57, p. 292). It was
postulated that recruiting responses were mediated

by the unspecific cortical afferent fibers described by

Lorente de No (50).

The importance of the ascending reticular acti-

vating system, brought to light by Magoun and co-

workers, was not known at this time. However, Berger

(7, 8), Adrian (i) and Rhcinberger & Jasper (71)

had observed that there was a general mechanism for

the regulation of the electrical activity of the cerebral

cortex as a whole. It was related to processes of

attention, alerting, general excitement or sleep,

interpreted as the maintenance of a general level of

cortical excitatory state (37).

The unspecific thalamocortical projection system

was next encountered by Jasper & Droogleever-

Fortuyn (42) in their search for the mechanism con-

trolling the bilaterally synchronous generalized wave
and spike discharge of petit mal epilepsy. It was found

that the rhythmical electrical activity of the cortex of

both hemispheres could be controlled into a synchro-

nized electrical beat by repetitive stimulation of only

a few square millimeters of grey matter in the center

of the thalamic reticular system. Under certain rather

ill-defined conditions a 3 per sec. stimulus would

'307
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FIG. I. Effect of unspecific

thalamic stimulation in n. cen-

tralis medialis of the cat upon

electrical activity from the an-

terior suprasylvian gyrus. The

animal was under light pento-

barbital anesthesia. A: Spon-

taneous spindle burst. B: A
single I msec, shock (s) 'tripping'

a spindle burst. C: Repetitive

stimulation at 5 per sec. showing

waxing and waning of recruiting

response. D: Spike and wave

response to stimulation at 2.5 per

sec. (Unpublished records taken

with J.
Droogleever-Fortuyn.

)
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produce a regular wave-and-spike complex as seen

in petit mal epilepsy (fig. iD).

A topographical organization with respect to

different areas of cortex was also demonstrated by

carefully controlled local stimulation within different

parts of the intralaminar system. Numerous electro-

physiological and anatomical studies then followed

to give a clearer picture of the structure and functional

characteristics of the unspecific as compared to the

specific thalamocortical projection system.

RECRUITING RESPONSE

A single electrical stimulus of brief duration

administered to the central portion of the intra-

laminar system may result in little evidence of immedi-

ate response from the cortical surface. There occurs,

however, a burst of rhythmic waves resemijling the

spontaneous (spindle bursts) of the resting cortex

(fig. 1.4 and B). These bursts may begin in frontal or

motor cortex after only a few milliseconds delay, but

with delays up to several hundred milliseconds in

more posterior areas of the cortex (fig. 2).

Repetitive stimulation at a frequency approxi-

mating that of the dominant spontaneous electrical

rhythm (6 to 12 per sec.) results in the recruiting

response (fig. iC). Under opdmal conditions this

response is characterized by a successively increasing

surface negative wave reaching a maximum after

two to five successive stimuli. ^Vith continued repet-

itive stimulation the response may then progressively

decline in amplitude and then recur again in a

spindle formation, waxing and waning in a manner

similar to spontaneous spindle bursts. During this

time the recruiting response may completely dominate

the cortical electrical activity, no spontaneous rhythms

appearing. With strong stimulation, in a favorable

preparation, responses may continue with little

waning as long as the frequency of repetitive stimu-

lation is kept within rather narrow limits.

Slower frequencies of stimulation may result in

doubling of responses while frequencies above 12 per

sec. may cause alternation of response. With higher

frequencies, above 20 per sec, no responses may ap-

pear and the spontaneous rhythmic acti\it\- ot the

cortex may be completely arrested.

The latency of onset of the surface negative wave

of the recruiting response is usualK' 20 to 40 msec,

following the thalamic stimulus. However stimulation

of the rostral portion of the system, in n. ventralis

anterior and reticularis, may result in responses in

frontal and motor cortex of shorter latency (5 to 10

msec.) and rapid recruitment, with a near maximum

response even to the first of a series of stimuli. A

recruiting response in the motor cortex with a latency

of 10 msec, from stimulation of the rostral portion of

the thalamus in n. ventralis anterior is compared

with a response from the same cortical area conducted

from a more caudal portion of the system in the

centrum medianum is shown in figure 3. There is a

shorter latencv 'tripping' of spindle bursts and rapid
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FIG. 2. Tripping of spindle

bursts in six different cortical
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shock in tine intralaminar nucleus

centralis medialis of the cat under
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recruitins; with less waxing and waning from rostral

thalamic stimulation. Nevertheless responses show

a wide distriiiution over many areas of cortex. Here

one often obtains a mixture of specific and unspecific

effects making analysis difficult.

The recruiting respon.se is not always of stirface

negative electrical sign. When the surface of the

cortex is depressed i)y exposure, or by the local appli-

cation of procaine, the response may be entirely

surface positive. It may also be diphasic with an

earlier surface positive phase of smaller amplitude.

Early positive phases may be due, however, to con-

tamination by simultaneous stimulation ol some

specific projection fibers which produce short-latency

initially surface-positive responses. There may be a

typically surface-negative respon.se in one cortical

area simultaneous with a predominantly surface-

positive wave in another area, the latter area u,sually

being under less complete control by the recruiting

system at a particular site of thalamic stimulation.

MICROELECTRODE STUDIES OF RECRUITING RESPONSE

The intracortical distribution of unspecific afferent

projections from the thalamus has been shown to be

distinct from that of specific afTerents by microelec-

trode studies (45, 46). The surface negative wave of

i L
(0

FIG. 3. Oscilloscope record of single waves of recruiting re-

sponses in the precruciate cortex of the cat, evoked by stimula-

tion of n. ventralis anterior (VA) and n. centrum medianum

(CM), respectively. Speed of sweep is indicated in 5 and 10

msec, time lines below.

the recruiting response becomes a deep positive wave

when recorded with a microelectrode inserted to a

depth of 0.7 to i.o mm beneath the surface. It repre-

sents, therefore, a wave of depolarization located in

the more superficial cortical layers, comparable in

this respect to the late surface negative wave of the

specific evoked potential complex.

Indi\idual neurons, which fire with short latency

in the deeper layers of the cortex in respon.se to a

specific afferent volley, are not fired directly by

impulses arriving o\er unspecific afTerents. However,

the excitaijility of these specific cortical cells can be

modified so that they show increased firing to the
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same specific volley if paired with an earlier unspecific

conditioning volley.

Other individual cortical neurons can be fired In

unspecific afferents after the recruiting wave has

reached sufficient amplitude. These cells fire repeti-

tively on the ascending limb of the recruiting wave

and continue to fire during each wave until tlie waning

phase of the response when they cease firing. Such

units may fire with a delay of 20 to 30 msec, if the re-

cruiting wave occurs with this latency.

The initial waves of the recruiting response always

occur before unit firing, suggesting that the waves are

primary, and serve to initiate neuronal firing; the

waves do not result from neuronal discharge. This is

shown more clearly in a deeply anesthetized animal;

no unit firing can be found with microelectrodes at

any depth in the cortex, yet the recruiting response

appears sometimes of even greater amplitude. The

recruiting waves are therefore considered analogous

to 's\naptic' or 'dendritic' potential waves, not

depending upon the firing of the larger cortical cells.i

There is a growing bod\ of evidence in favor of the

conception that recruiting waves of the cortex of the

unspecific type fall into the class of responses or activity

called 'dendritic' (9, 13, 14, 16, i?, '^o, 67, 68, 83).

This implies that they do not depend upon the actual

all-or-nonc firing of cortical cells and is consistent

with the variable relationship found between cell fir-

ing and these waves in microelectrode studies. Also

they can be recorded when the firing of cells has been

suppressed by anesthesia. -Recruiting' implies the suc-

cessixe addition of increasing numbers of units to the

response. If these waves represent summation of

successive increments of depolarization upon a den-

dritic network which possesses a long time constant

and no refractory period, the addition of an increas-

' The increasing amplitude of the recruiting wave has also

been shown to cause an increased number of cortical cells to

fire, but the principal effect appears to be on the number of

repetitive discharges in a given cell. Certain other cells, which

are firing spontaneously before a recruiting response, may be-

come grouped so that they give rise to brief bursts by the re-

cruiting waves, even though this may represent a decrease in

their total firing rate. This illustrates a mechanism of timing or

'gating' of cortical cell firing by the unspecific system which may

have important functional implications. Verzeano el al. (85)

have come to a different conclusion with regard to barbiturate

spindle bursts recorded with microelectrodes in unspecific tha-

lamic nuclei. They found a close relationship between spikes

and waves and believed that the waves of the spindle bursts in

the thalamus might represent positive after -potentials. \ lack

of consistent relationship was found, however, between unit

spikes and convulsive waves induced by pentylenetetrazol

(Metrazol) or picrotoxin.

ing number of units would not be necessary to explain

the potential changes recorded, as pointed out by

Clare & Bishop (18, 19). Furthermore, the frequency

specificity of this response in close relationship with

the spontaneous electrical rhythms indicates dri\ing

of an 'oscillating' or rhythmic system (84). The fre-

quency of stimulation must approach the periodicity

of the 'oscillating' system to be efTective. It has been

suggested that these are the properties of dendritic

networks in central grey matter (9, 83). There re-

mains the possibility that small interneurons of the

Golgi II type may play a role in cortical activit\-

which is classified as 'dendritic' (46).

Anatomical studies provide some exidence in fa\or

of these conceptions. The description of unspecific

afferent fibers to the cerebral cortex by Lorente de No

{50) stimulated Morison & Dempsey to postulate

the existence of the unspecific thalamocortical pro-

jection system, even though no connection had heen

shown between intralaminar nuclei of the thalamus

and such afferent fibers in the cortex. Chang has

suggested that dendritic responses are mediated by

axodendritic synapses as contrasted with the axo-

somatic synapses which would presumably charac-

terize most specific afferent terminals. Such a classifi-

cation of synaptic terminals, suggested by Ramon y

Cajal (70), may be of far reaching physiological

significance due to the special properties of dendrites

summarized by Bishop (9). It has yet to be shown,

however, that the projection fibers to the cortex from

the thalamic reticular system are actually of the

unspecific axodendritic type. Evidence from the work

of Nauta & Whitlock (62) would suggest that such

terminals may originate in either specific or unspecific

thalamic nuclei.

TH.'VL.AMIC DISTRIBUTION OF I'NSPECIFIC

PROJECTION SYSTEM

The thalamic distribution of the unspecific pro-

jection system was originally identified with the cells

and fibers found within the internal medullary lamina

of the thalamus, including a caudal expansion into

the n. centrum medianum. The intralaminar cells do

not show retrograde degeneration following neo-

cortical lesions in the same manner as do the cells of

specific thalamic nuclei so that they have long been

considered not to have cortical projection fibers.-

- Degenerative changes of a minor character have been shown

bv Nashold el al. (.60).
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They ha\'e been considered 10 represent an intra-

thalamic association system, interconnecting various

specific nuclei within the thalamus, but without

direct connections with the cortex.

The nucleus centrum medianum, which is a rela-

tively large structure in higher mammals, has been

shown to have direct projections to the striatum

(putamen) but not to the cerebral cortex, according

to anatomical studies (21, 25, 26, 51, 52, 65, 66).

Nevertheless the rostral pole of this nucleus regularly

produces widespread cortical recruiting responses

when stimulated repetitively. This has suggested that

recruiting responses may be conducted to the cortex

via the striatum or by a striatothalamic system (25,

^6, 51, 52, 73,82).

Both anatomical and physiological studies have

suggested to some authors (52, 80) that recruiting

responses reach the cortex by means of intrathalamic

connections with specific nuclei and then are con-

ducted with synaptic delay over specific projection

fibers to the cortex. Such connections would be princi-

pally with the association nuclei of the thalamus,

projecting to frontal and temporoparietal cortical

association areas and not to sensory receiving areas,

according to Starzl & Magoun (76) and others

(52, 80).

Physiological studies have consistently shown that

recruiting responses are less prominent or even absent

from sensory receiving areas of the cortex and are

especially hard to demonstrate in visual and audi-

tory receiving areas. This has been shown, however,

when stimulating the centrum medianum or mesio-

ventral portions of the intralaminar system. If there

exists a topographical organization within the unspe-

cific system, there may be other portions of it more

directly related to sensory areas. The close inter-

connections within the system have given the im-

pression to some investigators that it responds in an

all-or-none manner with a fixed pattern of cortical

projection to only 'association' and motor areas of

the cortex (80).

More recent anatomical and physiological studies

have served to clarify some of these problems, although

much has still to be learned about the details of the

manner in which the unspecific projections reach all

areas of cortex.

The independence of the unspecific projection

system from specific thalamic nuclei has been proved

by recording recruiting responses from each cortical

area, including the sen.sory areas, following complete

destruction of the thalamic nucleus known to have

specific connections with a particular cortical area

(31). For example, after finding a portion of the tha-

lamic reticular system which produced good re-

cruiting responses in the visual area {I'A in fig. 4), the

lateral geniculate body was completely destroyed by

coagulation and recruiting responses demonstrated

to be unaffected or increa.sed from the same point of

the visual cortex (fig. 5).

Siinilar results were obtained for auditory and so-

matic sen.sory areas following destruction of the me-

dial geniculate and the n. \entralis posterior, respec-

tively. It was remarkable that recruiting responses

appeared of larger amplitude in all sen.sory areas af-

ter destruction of their respective thalamic relay nu-

clei. This suggests a competitive interaction lietween

the specific and unspecific projection systems for the

control of cortical electrical activity in sensory areas.

Such an interaction was clearly demonstrated in later

studies by Jasper el al. {43) who established again the

existence of independent unspecific projections to

sensory receiving areas in the cat.

It is now quite clear that the pathways of the un-

.specific projection system to all cortical areas need not

pass via specific projection nuclei. There may still be

additional connections with specific thalamic nuclei,

but these are not essential for the mediation of the re-

cruiting response. The efifects of stimulating the tha-

lamic reticular system are more difficult to demon-

strate in sensory receiving areas of the cortex, most

difficult in auditory and visual areas.

The extent of the thalamic reticular system, as de-

termined by stimulation points yielding recruiting

responses, includes structures other than those com-

monly included in the intralaminar system of nuclei.

These areas are shown stippled in diagrammatic cross

sections of the thalamus of the cat in figure 6. It will

be noted that only the rostral pole of n. centrum me-

dian yields recruiting responses while an additional

area in the vicinity of the n. suprageniculatus has con-

sistently given recruiting responses, especially in ecto-

sylvian regions.

It has been shown by both anatomical and physi-

ological methods that the conduction pathway from

the centrum medianum extends forward in the inesio-

ventral thalamus, penetrating the n. ventralis medi-

alis and into the n. ventralis anterior, then into the

rostral pole of n. reticularis. This appears to be a

mixed system of short multisynaptic connections and

fibers. Unspecific fibers are particularly dense in the

ventral third of the n. ventralis anterior, as shown by

the double cross hatching of this region in figure 6.

Beginning in the n. centralis unspecific fibers and

multisynaptic pathways extend dorsally into the
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FIG. 4. Diagram of site of electrical stimulation at stereotaxic frontal plane 12 which produced

good recruiting responses in the visual cortex as shown in fig. 5. The lesion produced by coagulation

and intended to destroy the lateral geniculate body completely is outlined in the diagrams of frontal

planes 9, 7 and 5. [From Hanbery & Jasper (31).]

limbs ol" the intralaminar .system and the dorsolateral

portion of n. ventralis anterior and reticularis. The

dorsolateral portions show preferential conduction to

more posterior areas of the cortex, while the medio-

ventral portions show a doniinant projection to fron-

tal and mesial cortical areas. Using threshold local

stimulation, a definite topographic organization can

be shown, although it is a rather labile one, witli con-
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duction of recruiting; responses readily from one part

to another.

The extent to which the nucleus reticularis of the

thalamus participates in the unspecific projection sys-

tem has been the subject of some controversy. Rose

(72, 73) proposed that this nucleus, with its caudal ex-

tension as a shell around the thalamus, might well con-

tain many of the cells of origin of the final common
pathways of the unspecific projection system. A simi-

lar conclusion was reached by Hanbery & Jasper (31 ),

and by Hanbery et al. (30) based upon physiological

and anatomical studies. In these studies it was shown

that recruiting responses can be obtained from the

thin posterior extension of n. reticularis, but that they

are then more restricted to a limited cortical distribu-

tion, as might be expected if the final distribution of

unspecific projections were \ ia cells and fibers in this

nucleus.

Anatomical and physiological studies (2, 60, 62) have

also shown a more important rostrally-projecting

pathway passing through the anterior limb of the in-

ternal capsule, just beneath and partially within the

border of the head of the caudate nucleus. Some of

these fibers terminate in the caudate nucleus, a fact

which has led some authors to conclude that all un-

specific fibers were relayed to the cortex via tlie cau-

date. Such a conclusion is not supported in physi-

ological or anatomical evidence when care is taken to

distinguish between the caudate nucleus proper and

fibers of pas.sage in the adjacent internal capsule (30,

60).

Further anatomical studies are necessary, combined

with electrophysiological ob.servations, before the

exact nature and distril;)ution of the final common
pathway of the unspecific thalamic projection system

is thoroughly understood. It would seem from present

evidence that, although recruiting responses are ob-

tained in the caudate nucleus and they can be ob-

tained in the cortex upon stimulation of the caudate,

the caudate nucleus is not an essential relay station in

the thalamocortical conduction pathway of the un-

specific projection system. Cortical recruiting re-

sponses may be of shorter latency than those simul-

taneously recorded in the caudate, and destruction of

large portions of the caudate, sparing adjacent fibers

of the internal capsule, has little efTect upon thalamo-

cortical recruiting responses. However, there is an

intimate relationship between the striatum and the

unspecific system as well as with other subcortical

structures.

More recent anatomical studies have largely con-

firmed this conception of the intrathalamic organiza-

A

' Hff?";iin

B

FIG. 5. Oscilloscope tracings of: .4, specific visual evoked po-

tential in response to a single shock to the lateral geniculate body
(time line intervals, 2 msec); B, recruiting potential from
the same recording electrodes in the visual cortex response

to stimulating nucleus ventralis anterior as shown in fig. 4; and
C, recruiting response fi-om same electrode site in the visual cor-

tex after destruction of the lateral geniculate body a.s shown in

fig. 4. Time line intervals, 10 msec. [^From Hanbery & Jasper

tion of the unspecific projection system (44, 64). In

addition important corticofugal projections into the

thalamic as well as the brain-stem reticular system

have been demonstrated (27, 41, 63), as well as projec-

tions from the cerebellum (Sprague, J. M., personal

communication).

There appears to be a close relationship between

the rhinencephalon and the tiiaiamic recruiting or un-

specific system. Clertain of the nuclei known to be re-

lated to portions of the rhinencephalon (e.g. n. reun-

iens and antcromedialis) regularly produce wide-

spread cortical recruiting responses. It has also been

shown by Nauta that the hippocampus has many pro-

jections into the intralaminar nuclei of the thalamus

(61). Unspecific thalamic projections have also been

shown to the olfactory bulb (4).

Finally it may he necessary to point out that the so-

called 'unspecific' thalamic projection system is actu-
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FIG. 6. Diagram of the thalamic reticular system as determined by stippled areas showing recruiting

responses to local repetitive stimulation in the cat. Cross sections of stereotaxic frontal planes 12,

10, 7.5 and 6 are shown. The double stippling in the ventral portion of nucleus ventralis anterior

indicates the region where rostrally conducting pathways are most dense.

ally a very definite and distinct ('specific') ganglionic

organization of cells and fibers. When searching for it

in the thalamus with a small bipolar stimulating elec-

trode, using weak electric currents (the threshold is

of the order of 2 to 4 v. for i msec, pulses), one finds

that movement of the electrode only a fraction of a

millimeter will suddenly cause large responses to ap-

pear which were ai)sent before. It is not, therefore, a

system of neurons diffusely distributed throughout the

thalamus. It cannot be activated bv stimulating within

sensory relay nuclei nor from within other specific

thalamic nuclei with the exception of certain border

zones mentioned above. The terms 'imspecific" or

'diffuse" applied to this system may be misleading.

These terms refer particularly to the widespread dis-

tribution of cortical responses, with only a loose re-

gional topographical organization, in contradistinc-

tion with the relatively restricted local projections of

diff"erent portions of specific nuclei. The thalamic dis-

tribiuion is also extensive, but not diffuse.
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INTERRELATIONS BETWEEN SPECIFIC AND

UNSPECIFIC PROJECTION SYSTEMS

Interrelation between specific and unspecific pro-

jection systems occurs at tliree levels: a) by means of

collaterals from the principal sensory pathways, b) in-

trathalamic connections from intralaminar to specific

thalamic nuclei and () o\erlapping projections in al-

most all areas of the cerebral cortex. Corticofugal

projections provide a fourth means of interaction be-

tween specific and unspecific systems.

The collateral fibers from sensory pathways (visual,

auditory and somatic) converge into the reticular net-

work of the centrum medianum and other intra-

laminar nuclei in a manner similar to that described

for the brain-stem reticular system in Chapter LI I by

French in the present work. This is a relatively un-

specific activation since little if any clear modality

specificity has been demonstrated (27, 29, 53, 55, 78,

79). The longer latency, variability and adaptation of

evoked potentials in the thalamic reticular system,

when compared with responses in sensory relay nuclei,

suggests a synaptic system with different properties

and possibly also some diff'erence in the type of fibers

in sensory pathways which terminate in the thalamic

reticular system.

The anatomical studies of Nauta & VVhitlock (62),

using a special silver impregnation method for axons

and terminals, has shown that numerous fibers leave

the main course from the centrum medianum forward

in the thalamus to terminate in various specific tha-

lamic nuclei along the way. A recruiting response can

also be recorded from lateral thalamic nuclei in re-

sponse to stimulation of the centrum medianum. The

importance of these intrathalamic connections has yet

to be determined. E\en though they are not essential

to the cortical distribution of recruiting responses, they

may still play a significant role in thalamic integrative

mechanisms.

In cortical sensory receiving areas it may be hard to

demonstrate recruiting responses, as discussed aijoxe,

due to competition with impulses arriving over spe-

cific projection fibers. With paired stimulation, alter-

nating shocks to unspecific and specific systems, it is

possible to demonstrate definite interaction of recruit-

ing waves with the surface-negative component of the

specific evoked potential complex in sensory areas

(40, 81 ). Less effect can be demonstrated upon the in-

itial surface positive phase of the specific comple.\. An
example of such interaction in the visual cortex is

shown in figure 7. Interaction appears to occur mainly,

though not exclusively, after the voiles of sensory im-

FiG. 7. Oscilloscope records of recruiting and specific evoked

potentials from the visual corte-x obtained simultaneously by

repetitive stimulation with paired shocks. The initial shock was

applied to the nucleus ventralis anterior followed by a test shock

to the lateral geniculate body 62 msec, later. Note the reciprocal

relationship between the variations in the recruiting wave and

the amplitude of the surface-negative component of the specific

evoked potential. Timeline intervals, 10 msec. [From Jasper &
.\jmone-Marsan (40).]

pulses has passed the first cortical synapses and is being

propagated into the dendritic network of the cortex.

However, with microelectrodes, it has been shown

that unspecific projections may modify the excita-

bility and repetitive discharge of neurons which are

fired with short latency in response to specific aff^erent

volleys (46). Also rhythmic sensory after-discharge can

be blocked completely by rapid stimulation of the

thalamic reticular systein. Therefore activity in the un-

specific system may exert an effect upon the respon.se

of sensory cortex by a) modifying the initial cortical

neuronal discharge, b} blocking, facilitating or timing

the elaboration of impulses throughout the different

layers of the cortex, and <) modifying the prolonged

aftereffects of a sensory volley.

We do not know how these electrophysiological

changes may be related to subjective sensation or per-

ception, although possii:)le relationships have been

suggested (10, 47).
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MYOGRAM

CORTICAL STIMULATION
/
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INTRALAMINAR STIMULATION
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FIG. 8. Facilitation of cortically-induced movements in the cat (lightly anesthetized with pento-

barbital) during intralaminar stimulation. [From Jasper (38).]

In the motor system it was first shown that corti-

cally-induced movements could be facilitated mark-

edly by rapid stimulation of the intralaminar system

of the thalamus (38). The facilitation outlasted the

period of stimulation by 20 to 30 sec, as shown in

figure 8. Some of this facilitating effect remained after

removal of the motor cortex, as shown by stimulation

of the white matter beneath, so that this may repre-

sent largely a descending action upon spinal motor

centers.

Brookhart & Zanchetti (12) have failed to show any

effect of recruiting waves upon the activation of pyram-

idal cells, as recorded by means of electrodes di-

rectly in the tract at the level of the decussation (see

fig. 9). Recruiting waves are often of large amplitude

in the motor cortex, so that it would be surprising if

they did not have some effect upon motor cortical

function. Some relationship has been reported by

Arduini & Whitlock (6). A definite relationship to

spontaneous 'spindle' bursts was shown by Whitlock

et al. (86) as well as by Brookhart & Zanchetti who

also showed a clear relation between pyramidal dis-

charge and augmenting waves in the motor cortex in

response to stimulation of the n. ventralis lateralis of

the thalamus. It is apparent that there are multiple

rhythmic systems in the cortex and thalamus which

may be dissociated and may ha\e different functional

significance (11).

Repetitive stimulation of specific thalamic nuclei at

frequencies between 6 and 12 per sec. gives rise to

local incremental responses simulating a recruiting re-

sponse. These were called "augmenting responses' by

Morison & Dempsey (24, 58). They are distinguished

by their location in the area of known projection of the

specific svstem and by the short-latency surface-posi-

tive evoked potential complex which initiates each

successive response. It is the surface-negative compo-

nent which shows the greatest augmentation, and

there may be waxing and waning in amplitude in a

manner very similar to that observed for recruiting re-

sponses. It would seem that similar cortical elements

and mechanisms of summation must be involved in

both recruiting and augmenting responses, but this is

not always true. It may e\en indicate that some un-

specific cortical afferents, predominantly axodendritic,

may also originate in specific thalamic nuclei, as sug-

gested by the anatomical studies of Nauta & Whit-

lock (62). The longer latency of the true recruiting

response mav be due to multisynaptic circuits in the

thalamic reticular system (5), while summation and

delay in the augmenting response may be largely of

cortical origin. Considerable delay may be accounted
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FIG. 9. Simultaneous record-

ings from the anterior sigmoid

gyrus [upper trace) and medullary

pyramid {lower trace). Top: Aug-
menting responses initiated in an

unanesthetized cat by stimu-

lation of n. ventralis lateralis;

note the 'relayed' pyramidal

volleys. Aiiddte: Similar record-

ings from another preparation,

recruiting response initiated by

stimulation of n. reuniens; note

the stability of the pyramidal

recording. Bottom: Recordings

taken during a spontaneous

spindle burst in an unanesthe-

tized cat with mesencephalic

thermocoagulation; note the re-

layed spindle waves in the

pyramidal recording. [From

Brookhart c& Zanchetti I 12).]

for also if the unspecific fibers arc small, unmyelin-

ated and with slow conduction velocity.

Under certain conditions it is possible to show a re-

markable degree of independence between augment-

ing and recruiting waves in the same area of the cor-

tex, as was demonstrated by Brookhart & Zanchetti

(i2j. Augmenting and recruiting responses may be

readily confused in experimental studies since it is of-

ten hard to avoid stimulation of both specific and un-

specific thalamic fibers at the same time. The aug-

menting responses are not as closely related to the

spontaneous spindle bursts as are recruiting waves (56)

since spindle bursts may appear intermingled with

augmenting waves while they are usually more com-

pletely driven by unspecific thalamic stimulation. The
augmenting responses are probably more closely re-

lated to the neuronal systems of the local sensory

after-discharge (15).

There may be a more intimate interrelationship be-

tween specific and unspecific projection systems in

association areas of the cortex, but the details of this

relationship have yet to be worked out.

RELATION BETU'EEN THALAMIC AND BRAIN-STEM

ASCENDING RETICULAR ACTIVATING SYSTEMS

It seems clear that a considerable proportion of these

ascending activating effects obtained from the basal

diencephalic and midbrain portions of the reticular

system are mediated to the cortex by means of the tha-

lamic reticular system (53). As has been stated above,

the spontaneous rhythmic activity of the cortex can be

blocked, producing an activation pattern, by rapid

stimulation within either the thalamic or the midlarain

portions of the ascending reticular systems.
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Recruiting responses obtained from stimulation of

the intralaminar portions of the thalamus can also be

blocked completely by simultaneous more rapid stimu-

lation of the midbrain reticular system (59). Also re-

cruiting responses are not readily obtained in an

animal which shows the activation pattern in the cor-

tex due to arousal by sensory stimulation when in the

unanesthetized state. These observations demonstrate

a close functional relationship between the brain-stem

and thalamic reticular systems.

It has also been shown that large bilateral lesions

produced by coagulation of the anterior portion of the

thalamic reticular system result in unresponsiveness

of animals quite similar to that produced by lesions of

the midbrain reticular system (28, 48, 49). There may

be some qualitative difference here however in that

the profound depths of coma produced by midbrain

lesions do not seem to be reproduced as completely in

all cases by lesions within the anterior portion of the

thalamic reticular system.

Differences between the cortical activation pro-

duced at thalamic or midbrain levels of activation

should be pointed out however. In the first place, the

recruiting response is not readily obtained by stimu-

lation of the midljrain reticular system and usually

requires stimulation within the thalamus.' The pro-

longed activation of tiie animal with the typical

change in cortical electrical activity obtained by

stimulation of the midbrain reticular system, or of the

basal diencephalon, is not readily produced by rapid

stimulation in the anterior portion of the thalamic

reticular system.

The blocking of spindle bursts in the electrical ac-

tivity of the cortex occurs only for a brief period of

time, sometimes not outlasting the stimulus itself,

when the thalamic system is being stimulated. Pro-

longed blocking of rhythmic cortical activity however,

is readily produced, lasting for 30 sec. to several min-

utes, foUowina; stimulation of the midbrain reticular

system in the unanesthetized animal.

It has been shown that cortical activation is of two

forms, one of rapid onset and brief duration, and an-

other of slow onset and prolonged duration. The for-

mer has been called the phasic activation system and

the latter the tonic system. It now seems clear that the

tonic activation system lies in the basal diencephalon

and midbrain and has many properties distinct from

^ Evarts & Magoun ha\e recently shown that a recruiting

response can be obtained under certain conditions with im-

planted electrodes in the brain stem of the unanesthetized

cat (26a).

the thalamic system. The phasic type of rapid but

short duration arousal seems to be characteristic of the

thalamic system. The tonic activation .system of the

brain stem is particularly sensitive to epinephrine, and

it may well be that the tonic phase of activation from

this area is largely due to the humoral aspect of acti-

vation of the brain with cells sensitive to this type of

activation only in the diencephalon or hypothalamus

and in the upper midlirain, but not in the thalamic

portion of the reticular system (74).

There may be also differences in the effects of stim-

ulating the thalamic reticular system upon behavior

in the unanesthetized preparation. There is some evi-

dence that diminished responsiveness or even sleep-

like states may be produced from stimulation of the

thalamic reticular system, as in the so-called "arrest

reaction' of Hunter & Jasper (35) or the sleep reaction

of Hess (32, 33, 34). The intense excitement of an ani-

mal with attack or fear responses is not obtained from

stimulation of the thalamic reticular system but re-

quires stimulation either of the posterior hypothal-

amus or upper midbrain. It has recently been shown

by Akimoto et al. (3) that repetitive stimulation at

5 to 10 per sec, producing a high degree of synchron-

ous activity throughout the brain, results in sleep,

while stimulation at more rapid frequencies causing

desynchronization of cortical activity may result in

an awakening reaction in unanesthetized animals with

electrodes implanted in the intralaminar portion of

the thalamus.

Another important difference between the brain-

stem and the thalamic reticular system is that of topo-

graphical organization. Very little evidence for any

topographical organization can be shown at the level

of the hypothalamus or midbrain. There is some ten-

dency for activating influences to be most effective on

rostral cortical areas in frontal and motor regions, but

in general the effects are quite generalized. In the tha-

lamic system, on the other hand, different points with-

in the system seem to have a different pattern of corti-

cal projection. This is not a rigid topographical organ-

ization and there are many close interrelationships

present, but it seeins likeK that there are portions of a

system which can regulate the electrical activity of

limited areas of the brain without affecting the cortex

as a whole.

This capacity for some degree of localized activa-

tion would suggest functional properties of the tha-

lamic system of a inore highly organized character re-

lated to specific or different cortical functions rather

ihnn to a;eneralized arousal or activation of the brain
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as a whole. Due to this property of the thalamic sys-

tem, it has been proposed by Jasper that the local

activation processes of attention in the waking animal

could be mediated, in part at least, by this system, al-

though it is now known that processes of attention

may also affect the specific projection systems, even at

peripheral levels of sensory influx.

The participation of the thalamic reticular system

in epileptic seizures of the type characterized by in-

itial brief loss of consciousness ("petit mal') is still un-

certain since the wave-and-spike pattern, which char-

acterizes the EEG in patients with these seizures, is

obtained by stimulating the intralaminar system only

under very special conditions which are poorly under-

stood (36). Seizure discharges are generally more read-

ily transmitted o\er specific projection systems (77),

although bilateral synchronization in cortical rhythms

may be enhanced by epileptic lesions in the unspecific

thalamic nuclei (69). It appears that both thalamic

and mesencephalic portions of the reticular system

may be involved in the central pacemaking circuits of

the petit mal attack, and a certain general suscepti-

bility of the cortex to this type of response may also

be involved. This matter is considered further in Chap-

ter XI\' by Gastaut & Fischer-Williams in this work.

SUMM.^RY .'^ND CONCLUSIONS

The unspecific thalamocortical projection system is

composed of a closely interconnected multisynaptic

network of neurons extending largely through the in-

tralaminar portion of the thalamus with rostral direc-

tion of conduction toward the anterior portion of the

thalamus where connections are formed with the re-

ticular nucleus and the n. ventralis anterior for the

origin of the major projection systems to widespread

areas of the corte.x. Important relationships to the

striatum are present, although the final common path-

ways for cortical projection are as yet uncertain. Some

may originate in the n. reticularis of the thalamus.

This projection system bears a very close relation-

ship to certain components of the spontaneous elec-

trical activity of the cortex and can regulate this ac-

tivity either by timing it into rhythmical sequence or

by arresting spontaneous rhythmical activity. The re-

cruiting response, which is characteristic of this sytem,

participates in timing rhythmic activitv which is in-

herent in both the cortex and the thalamus. Such ef-

fects can be obtained on cortical activity independent

of the specific projection pathways.

It seems likely that the synaptic termination of the

unspecific system in the cortex is chiefly of the axo-

dendritic type widely distributed throughout all layers

of the cortex ijut under optimal conditions having its

major effect on superficial layers.

This system forms a part of the ascending reticular

activating .system of the brain stem, although it pos-

sesses properties distinct from the portions of the re-

ticular system in the hypothalamus and upper mid-

brain.

The functional significance of the unspecific tha-

lamic system is not entirely clear. It seems to be the

most important regulator of the spontaneous electri-

cal rhythms of the entire cortex and he capable of

some local efi"ects in a loose topographical organiza-

tion which may give it a more highly integrated func-

tion than might be attributed to lower portions of the

reticular system. It seems to mediate a more rapid but

shorter lasting cortical actixation than do the more in-

ferior portions of the reticular system. This is called

the phasic type of activation as opposed to the tonic

activation which is deri\ed from hypothalamus and

upper midbrain.

Studies of the interaction between the specific and

nonspecific system in the thalamus indicate four types

of interconnection : a) by means of collaterals from the

principal afferent pathways directed medially into the

intralaminar .system, h) by collaterals from the intra-

laminar system terminating in specific thalamic nu-

clei, c) by convergence upon common neuronal sys-

tems in the cortex and d) by corticofugal projections

reaching various parts of the thalamic reticular system.
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There remains yet another type of integration which claims

consideration, although to saddle it upon nerve may perhaps

encounter protest. Integration has been traced at work in

two great, and in some respects counterpart, systems of the

organism. The physico-chemical (or for short physical) pro-

duced a unihcd machine from what without it would be merely

a collocation of commensal organs. The psychical, creates

from psychical data a percipient, thinking and endeavouring

mental individual. Though our exposition kept these two

systems and their integrations apart, they are largely com-

plemental and life brings them co-operatively together at

innumerable points. . . . For our purpose the two schematic

members of the puppet pair which our method segregated

require to be integrated together. Not until that is done can

we have before us an approximately complete creature of the

type we are considering. This integration can be thought of

as the last and hnal integration.

But theoretically it has to overcome a difficulty of no ordinary

kind. It has to combine two incommensurables; it has to unite

two disparate entities. To take an example: I see the sim;

the eyes trained in a certain direction entrap a tiny packet of

solar radiation co\'ering certain wave-lengths emitted from

the sun rather less than lo minutes earlier. This radiation is

condensed to a circular patch on the retina and generates a

photo-chemical reaction, which in turn excites nerve-threads

which relay their excitation to certain parts of the brain,

eventually to areas in the brain-cortex. From the retina on-

ward to the brain the medium of propagation is wholly nervous;

that is to say, the reaction can be subsumed as electrical. Some
of this electrical reaction generated in the eye does not reach

the brain-cortex but diverges by a side-path into nerve-

threads which relay it to a small muscle, which by contracting

prevents excess of light attaining the retina. The electric

current propagated to the muscle activates the muscle. The
chain of events stretching from the sun's radiation entering

the eye to, on the one hand, the contraction of the pupillary

muscle, and on the other to the electrical disturbances in the

brain-cortex are all straightforward steps in a sequence of

physical 'causation', such as, thanks to science, are intelli-

gible. But in the second serial chain there follows on, or at-

tends, the stage of brain-cortex reaction an event or set of

events quite inexplicable to us, which both as to themselves

and as to the causal tie between them and what preceded

them science does not help us; a set of events seemingly in-

commensurable with any of the events leading up to it. The
self 'sees' the sun; it senses a two-dimensional disk of bright-

ness, located in the 'sky", this last a field of lesser brightness,

and overhead shaped as a rather flattened dome, coping the

self, and a himdred other visual things as well. Of hint that

this scene is within the head there is none. Vision is saturated

with this strange property called 'projection', the unargued

inference that what it sees is at a 'distance' from the seeing

'self. Enough has been said to stress that in the sequence of

events a step is reached where a physical situation in the brain

leads to a psychical, which however contains no hint of the

brain or any other bodily part. We cannot of course suppose

that in the instance taken, the 'seeing the sun' breaks into a

visual vacuum; in the waking day 'seeing' of some sort is

always going on: on the physical side similarly electrical

waves in the brain from one source or another must be prac-

tically unremitting during the waking day. The supposition

has to be, it would seem, two continuous series of events, one

physico-chemical, the other psychical, and at times interaction

between them.
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This is the body-mind relation; its difficulty lies in its

'how'. . . .

. . . Instead of, as is usual in physiology, leaving that im-

passe unmentioned, it seemed better to draw attention to it by

the experimental observations in this book's linal chapter.

Sherrington, C. S. The Integrative Action of the

jVervous System. Foreword to 1947 Edition (i^g^-

INTRODUCTION

FOR THE p.-IlST CENTURY and a half, the "niind-body'

problem has been focused on tlie relationship between

the functions of the cerebral mantle and mental

processes. The question is often raised as to whether

mental processes—especially "complex" mental

processes such as ideas, attitudes and thoughts—are

radically (incommensurably) different from the

physiological and the physical. With regard to ele-

mentary sensory and motor events (such as depressing

a key when a light is flashed), the scientist proceeds

upon the basis that psychological concepts (here

the visual field) are inferred from observations and

measurements of organism-environment interactions,

interactions that can be specified by the use of physio-

logical, physical and behavioral methods. Experi-

mental evidence is presented here that more complex

mental processes—such as thought, attitude, value

—

can also be studied in this manner: that environ-

mental, organismic and behavioral referents for these

processes can be specified—that, therefore, the differ-

ence between the psychological processes designated

as complex and those designated as elementary is not

a radical one.

Coinplex mental processes are most readily inferred

from observations of problem-solving behavior. Those

portions of the cerebral mantle devoid of any major

direct connections with peripheral structures have

been consistently linked with problein-solving proc-

esses and have, therefore, been of especial interest to

students of the mind-body relationship. The designa-

tion 'association cortex' has obscured a considerable

ignorance concerning the functions of these parts of

the brain. The designation was framed within the

empiricist tradition as this had evolved up to the

latter part of the past century, and presupposes

anatomical and physiological evidence for the notion

of a transcortical reflex. Data are presented here upon

which an alternative conception is proposed.

Definition of Intrinsic Systems of the Forehrain

The conception of an 'association cortex' stems from

the fact that certain parts of the forehrain have

obvious major direct connections with peripheral

structures while others do not. This difference has

been used by Rose & Woolsey (124) in a rigorous

classification of the sui:>di\isions of the dorsal thalamus

—the foreijrain structiu-e which, as a whole, serves as

the final discontinuit\ intercalated between periph-

erally initiated neural e\ents and those of the end-

brain. These investigators suggest the term 'intrinsic'

for those portions of the dorsal thalamus in which no

major extrathalamic, extratelencephalic afferents

terminate. The intrinsic portions of the thalamus

project to those sectors of the cerebral mantle usually

referred to as 'association cortex.' As already noted,

the term 'association cortex' has its disad\antages:

"association" makes the unsupported assumption that

in these areas, convergent tracts bring together

"sensory' events transmitted from the "receiving areas'

of the brain. Throughout this presentation, therefore,

the currently less loaded term "intrinsic sectors' will be

substituted for "association cortex'; "intrinsic systems'

will be used when reference is made to the thalamic

projection as well as to the related cortical area.

The key to an analysis of the ftmctions of the

intrinsic systems of the foreijrain is obtained from a

study of the organization of the mammalian thalamus.

On the basis that some of the nuclear groups within

the thalamus bear a fairly consistent relation to one

another, an external portion and an internal core of

the thalamus can ije distinguished (59). The external

portion is composed of the ventral, the posterior

(lateral and pulvinar) and the geniculate nuclei

(fig. i). In carnivores and primates this external

portion is, for a considerable extent, demarcated from

the internal core of the dorsal thalamus by an ag-

gregation of fibers, the internal medullar\' lamina and

its rostral exten.sions surrounding the anterior nuclear

group. The internal core of the dorsal thalamus may
also be subdi\ided into three large groups; the an-

terior, the medial and the central (mid-line and intra-

laminar) nuclei.

Each of the major subdivisions (external and in-

ternal) may be further characterized according to the

type of its nontelencephalic major afferents (fig. 2).

Thus, the ventral and geniculate nuclei of the external

division are the terminations of the lars;e topologically

discrete 'specific' afferent tracts (e.g. spinothalamic,

trigeminal, lemniscal and the brachium conjunctivinii,

as well as the otic and optic radiations) of the somatic,

gustatory, auditory and visual systems (144). Within

the internal core, the anterior nuclei receive an input

from the posterior hypothalamus through the mam-
millothalainic tract; the central nuclei receive non-

specific diffuse afferents by way of the reticular forma-
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E tec trophy tlology (e.g.

Magoun, 1950; Staril,

etol., 1951)

Sliver stoin [Morin,

et ol., 1951)

Comporative hi stomorphology

(e.g. Kappers, Huber & Crosby,

1936; Rose 8. Woolsey, 1949)

Retrograde thalamic degenerotion

after cortical removoU, Monkey,

(e.g. Walker, 1938; Chow, 1950,

Chow 5. Pribrom, 1956, Pribram

etal., 1953)

Cytoarchltecture K Strychnine

neuronogrophy (e.9. v. Benin

?. 3atley, 1947; Bailey,

v. Bonin ?. McCulloch, 1950;

MocLeon 5, Pribram, 1953,
Pribram K MacLean, 1953)

'Posterior «

Ventral*

Mode-Specific

Discrete Input

Geniculote a

External Portion

• n. loteralis posterior

-

•n. pulvinaris ^—^^-^^
-Posterior parietal cortex-

-Posterior parietal ?, temporol cor-

tex 8. anterior occipital cortex

ventrolis anterior—
ventralis laterolis-

n. ventralis posterior-

( basolis^

n. geniculotus medialis-

-n. geniculotus lateralis*

-Dorsal frontol cortex

—P recent ro I cortex

-Rolondic cortex

.Posterior supratemporal plane^

S, posterior insular cortex

-Striate occipital cortex

Eugronular isocoftex of the

parietol, temporal i occi-

pitol lobes (the posterior

"association" cortex)

lAg'onular, dysgronular

li konioisocortex

Non-Specific

Diffuse Input

Internal Core

• n. anterior dofsolis

-n. anterior ventralis

^n. anterior mediolis^^^—

.^nuclei of the midline

(e.g. n. reuniens)

-jntrolaminor nuclei (e.g.-

n. centralis mediolis)

* n. centromedianum ^^^^—

-Retrosplenial cingulate cortex

-Posterior cingulate cortex

• Anterior cingulate cortex

-Subcallosal 8, medial orbital corte

-Orbitofronto-insulo-temooral

cortex 5, basol gonglia (caudotej

— Basal ganglia (putamen)

*Medial- n. mediolis dorsalis. .Anterofrontol cortex

Alio- S. [uxtallocortex o^

the limbic portions of the

hemispheres 8, closely

related subcortical fore-

brain structures

Frontal eugronular

isocortex (the frontol

"association" cortex)

FIG. 1. Diagram of the distinctions between an internal core and an external portion of the

forebrain. Examples of the techniques and particular studies invoked in making the classification

are given in the upper column. As in any such classification, its heuristic value should not obscure

its deficiencies. There is, of course, a multiplicity of forebrain systems, each of which partakes

to a greater or less extent of the characteristics defining the internal core and those defining the

external portion. In general, however, the nearer a system is to the central canal (or ventricular

system) of the central nervous system, the greater the number of its 'internal core" characteristics;

the further from the central canal, the greater the number of its 'externa! portion" characteristics.

Also, the interaction of these various systems must not be ignored; this scheme is a restricted analysis

and does not deal with such interactions.

tion of the mesencephalon and, in addition, a probable

input from the anteromedial hypothalamus (95, 96).'

Thus the constancies of morphology in the mam-
malian thalamus reflect certain gross distinctions

which can be made in the types of afFerents to the fore-

brain.

The other two nuclear groups, the posterior in the

^ In this respect, the classification presented here differs

from that of Rose and Woolsey. These authors do not accept

the evidence from silver-stained preparations as indicating a

major extrathalamic, extratelencephalic input. Heuristically,

such evidence is accepted here.

external portion and the medial in the internal core,

do not receive any such major extrathalamic aflferents

and, as noted above, are therefore classified as the

'intrinsic' nuclei of the thalamus (124). Important to

the argument presented here is the fact that an

intrinsic nucleus is assigned to each of the major

thalamic divisions (see fig. 2).

The telencephalic projections of the external por-

tion of the dorsal thalamus terminate in the dorso-

lateral and posterior cortex (figs. 1,2). The termina-

tion of the telencephalic projections of the internal

core is in the frontal and mediol^asal portions of the
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FIG. J. Schematic representation of the

projections from the dorsal thalamus to the

cerebral cortex in the monkey. Ihe lower halj

of the ligure diagrams the thalamus, the

slraighl edg^e representing the mid-line; thi-

upper halj of the figure shows a lateral and

inediobasal view of the cerebral hemispheres.

The hrimd black band in the thalamic diagram

indicates the division between an internal core

which receives a nonspecific diffuse input and

an external portion which receives the mo-
dality-specific discrete projection tracts. Tin

slippled and crosshatchcd portions represent the

intrinsic systems: the medial nucleus of the

internal core and its projections to the anttro-

frontal cortex, the posterior nuclear group of

the external portion of the thalamus and its

projections to the parietotemporooccipital

cortex. The boundaries of the cortical sectors

of the intrinsic systems are not sharp and as

yet not precisely defined—thus, this diagram

is to be read as a tentative approximation,

based on currently available evidence. /•,

frontal; R, rolandic; P, parietal; T, temporal;

O, occipital; A, anterior; C, central; M,
medial; V, ventral; G, geniculate; F, posterior.

THALAMOCORTICAL

RELATIONS (MONKtY)

foreljrain and includes the basal g;ans;lia. Specifically,

the ventral group of the external portion of the dorsal

thalamus projects to the dorsolateral cortex of the

frontal and parietal lobes (15, 144); the geniculate

groups, to the lateral portion of the temporal and the

posterior portion of the occipital lobe (144); the

posterior nuclear group, to the remaining cortex

of the parietotemporopreoccipital (P.T.O.) convexity

(•o, 15).

Within the internal core (figs, i, 2), the medial

nuclei project to the anterofrontal cortex (or orbito-

frontal, as it has been called in subprimate mam-
mals) (86, 1 12, 123, 144). The anterior and the central

nuclei project to the medial and basal forelirain struc-

tures, the anterior nuclei to the cinguiate areas on

the medial surface of the frontal and parietal lobes

(73, 86, 106, 113, 122, 125, 146); the central nuclei

project (j, 20, 98, 105, III, 124) to the anterior

rhinencephalic and closely related juxtallocortical

areas and basal ganglia [the second rhinencephalic

system as defined by Pribram & Kruger (i 14)].

In summary, an intrinsic nuclear group and its

projections is described for each of the major thalamic

subdivisions : a posterior intrinsic system, related to

the external portion of the thalamus and the dorso-

lateroposterior cerebral convexity; a frontal intrinsic

system, related to the internal core of the thalamus

and the frontomediobasal areas of the cerebral

hemispheres.

NEUROBEH.WIOR.AL .\N.^LYSIS OF POSTERIOR

INTRINSIC SYSTEM

As already noted, the forebrain may conveniently

be divided into two major portions, a dorsolatero-

posterior and an anteromediobasal. In primates each

of these major portions contains intrinsic sectors:

posterior intrinsic sectors (the classical sensory associ-

ation areas) (108), and a frontal intrinsic sector (the

classical frontal as.sociation area) (110). Neurobe-

havioral experiments performed during the past 25

years have shown these intrinsic sectors to be especially

related to problem-solving processes (51, 107). The
aim of this, and of the following sections, is to specify

in detail this relationship.

An Experiment

A. modified Wisconsin General Testing Apparatus

(49) is used to test 1 2 rhesus monkeys in the solution

of a complex problem. The monkeys are divided into

three groups, two operated and one control, each con-

taining four animals. The animals in one operated
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group had undergone bilateral cortical resections in

the posterior intrinsic cortex, and those in the other

operated group bilateral cortical resections in the

frontal intrinsic cortex some 2f^ years prior to the

onset of the experiment (fig. 3); those in the control

group are unoperated. In the testing situation these

animals are confronted initially with two junk objects

placed over two holes (on a board containing 1 2 holes

in all) with a peanut under one of the objects. An
opaque screen is lowered between the monkey and the

objects as soon as the monkey has displaced one of the

objects from its hole (a trial). When the screen is

lowered, separating the monkey from the r2-hole

board, the oijjects are moved (according to a random
number table) to two different holes on the board.

The screen is then raised and the animal is again con-

fronted with the problem. The peanut remains under

the same object until the animal finds the peanut five

consecutive times (criterion). After a monkey reaches

criterion performance, the peanut is shifted to the

second object and testing continues (discrimination

reversal). After an animal again reaches criterion per-

formance a third object is added (fig. 4). Each of the

three objects in turn becomes the positive cue; testing

then proceeds as before—the screen separates the

animal from the 12-hole board, the objects are placed

randomly over three out of the 12 holes (with a

peanut concealed under one of the objects), the screen

is raised, the animal is allowed to pick an object (one

response per trial), the screen is lowered and the

objects are moved to different holes The testing con-

tinues in this fashion until the animal reaches criterion

performance with each of the objects positi\e in turn.

Then a fourth object is added and the entire pro-

cedure repeated. As the animal progresses, the number
of objects is increased serially through a total of 1

2

(fig. 5). The testing procedure is the same for all

animals throughout the experiment; however, the

order of the introduction of objects is i:)alanced—the

order being the same for only one monkey in each

group.

Analysis of the problem posed by this experiment

indicates that solution is facilitated when a monkey
attains two strategies: a) during search—moving, on

successive trials, each of the objects until the peanut is

foimd; /;) after search—selecting on successive trials

*he object under which the peanut had been found

on the preceding trial. During a portion of the ex-

periment, searching is restricted in animals with

posterior intrinsic sector ablations, and selection of the

object under which the peanut had been found on the

previous trial is impaired by frontal intrinsic sector

%'
24 28 32 j^'.

IT- 37

"5^ 80 '72 76

LF-5

vu,. 3. Representative reconstructions and cross sections

through the cortex and thalamus showing extent of the lesions

in the posterior (upper figure) and frontal {lower figure) intrin-

sic systems. Cortical lesion and resulting thalamic degenera-

tion sliown in black.

ablations. The effects of the posterior intrinsic sector

lesion will be dealt with first.

Figure 6 graphs the averages of the total number
of repetitive errors made by each of the groups in

each situation. Comparison of figure 6 with figure 7,

representing the repetitive errors made by each group

in each situation during search, illustrates that the

deficit of the frontally operated group is not associated

with search (a result that is di.scusscd below); how-
ever, the peak and general shape of the error curves
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FIGS. 4 AND 5. Diagrams of the multiple object problem showing examples of the three and

the seven object situations. Food wells are indicated by dashed circles, each of which is assigned a

number. The placement of each object over a food well was shifted from trial to trial according to

a random number table. A record was kept of the object moved by the monkey on each trial, only

one mosc being allowed per trial. Trials were separated by lowering an opaque screen to hide from

the monkey the objects as they were repositioned.

describing the performance of the control and pos-

teriorly operated groups are similar whether total

repetitive errors (fig. 4) or search errors (fig. 7) are

plotted. In spite of the increasing complexity of the

succeeding situation, the curves appear little different

from those previously reported to describe the forma-

tion of a discrimination in complex situations (8, 130).

Although one might a priori expect the number of

repetitive responses to increase monoionically as a

function of the number of objects in the situation, this

does not happen. Rather, during one or another phase

of the discrimination, the number of such responses

increases to a peak and then declines to some asymp-

totic level (8, 130). Analysis of the data of the present

experiment has shown that these peaks or 'humps' can

be attributed to the performance of the control and

posteriorly operated groups during the initial trials

given in any particular (e.g. 2, 3, 4 • • cue) situation

—i.e. when the monkey encounters a novel object.

The period during which the no\cl and familiar ob-

jects are confused is reflected in the 'hump' (fig. 8).

The importance of experience as a determinant of the

discriminability of objects has been emphasized by

Lawrence (75, 76). His formulation of the "acquired

distinctiveness' of cues is applicable here. In a progres-

sively more complex situation, sufficient familiarity

with all of the objects must be acquired before a novel

object is sufliciently distinctixe to be readih' discrimi-

nated.

But there is a difference between the control and

the posteriorly operated groups as to when the con-

fusion between itovel and familiar objects occurs. The

peak in errors for the group with posterior lesions lags

behind that for tlie controls—a result which forced

attention because of the paradoxically "better per-

formance" of this group throughout the five- and six-

cue situations (in an experiment which was originally

undertaken to demonstrate a relation between num-

ber of objects in the situation and the discrimination

"deficit" previously shown by this group).

These paradoxical results are accounted for by a for-

mal treatment based on mathematical learning theory:

on successive trials the monkeys had to 'learn" which

of the objects now covered the peanut and which ob-

jects did not. At the same time they had to 'unlearn,'

i.e. extinguish, what they had previously learned

—

under which object the peanut had been and under

which objects it had not been. Both neural and formal

models have been invoked to explain the results ob-

tained in such complex discrimination situations.

Skinner (130) postulated a process of neural induction

to account for the peak in errors—much as Sherring-

ton had postulated 'successive spinal induction' to

account for the augmentation of a crossed extension



THE INTRINSIC SYSTEMS OF THE FOREBRAIN 1 329

NORMALS
TEMPORALS
FRONTALS

No. CUES in SITUATION
_l I I I L.

7 8 10 12

FIG. 6. Graph showing the average of the total number of

repetitive errors made in each of the situations in the multiple

object experiment by each of the groups: control animals

{Normals); animals with posterior intrinsic sector lesions

(Temporals); and animals with frontal intrinsic sector lesions

(Fronlals). A situation is defined by the number of objects in

the problem and includes successions of trials. During each

succession the peanut is consistently placed under one of the

objects (cues). The succession is terminated when the monkey
has moved the object under which the peanut is placed on
five consecutive trials (criterion). (See also the legends to

figs. 4, 5 and 10.) A repetitive error is made by a monkey
when during a succession of trials he moves more than once

an object other than the one under which the peanut is placed.

reflex by precunent antagonistic reflexes (such as the

flexion reflex). Several of Skinner's pupils (24, 46a)

have developed formal models. These models are

based on the idea that both 'learning' (or 'condition-

ing') and 'unlearning' (or 'extinction') involve an-

tagonistic response classes—that in both conditioning

and extinction there occurs a transfer of response

probabilities between response classes. This concep-

tion is, of course, similar to Sherrington's description

of the interaction of antagonistic reflexes: ".
. . this

reflex or that reflex but not the two together." The
resulting equations that constitute the model contain

a constant which is defined as the probability of

sampling a particular stimulus element (46a), namely

the oiyect, in the discrimination experiment p'-esented

here. This constant is further defined (Estes) as the

ratio between the number of stimulus elements

sampled and the total number of such elements thai

could possibly be sampled. This definition of the

constant postulates that it is dependent for its deter-

mination upon both en\ironmental and organismic

factors. According to the model the rapidity of in-
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FIG. 7. Graph of the a\erage of the number of repetiti\e

errors made in the multiple object experiment by each of the

groups during search (see legend to fig. 6). Search trials are

those anteceding the first 'correct' response in a succession of

trials, i.e. those anteceding the movement of the object (cue)

under which a peanut has been placed. Note the difference

between the location of the "hump" in the graph of the normal

controls and in that of the group with posterior lesions (Tem-

porals).

crease in errors in a discrimination series depends on
this sampling ratio—the fewer objects sampled, the

more delayed the peak in recorded errors. The para-

dox that for a portion of the experiment the group

with posterior lesions performs better than the control

group stems from the relative delay in the peak of the

recorded errors of the operated group.- The model

- The actual model used to interpret the data analyzed

here was developed by Green (46a) and is patterned after a

model of discrimination learning proposed by Bush & Mostellar

(8). The Green model takes its roots from a parallel model

originated by Estes (24, 25). The general form of the model

is deri\ed from Estes' equations describing the conditioning

and extinction processes

:

pn\S — I) = I — (1 — po) II — 9))'" for conditioning to those

elements which constitute occasions for reinforcement,

p„{S' — I) = pail — ffj)'" for extinction to those elements

which are never occasions for reinofrcement, and

?„{/) =
ire,

+ ^2 l^ne,

TW\

-\- i-flc

po I
(l 7r9, — Jflj)"

for the changes associated with intercept elements, i.e.

those present on both reinforced and unreinforced occa-

sions;

uhere

.? represents the stimulus elements (objects) which are

reinforced (have peanuts under them).
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FIG. 8. Graph of the average of the number

of repetitive errors made in the multiple

object experiment during those search trials

in each situation when the additional, i.e. the

novel, cue is first added. Note that the peaks

in errors shown in fig. 7 are accounted for by

the monkeys confusion between novel and

familiar objects as graphed here.
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FIG. 9. Graph of the average of the per

cent of the total number of oVjjrcts (cues) that

are sampled by each of the groups in each of

the situations (see legend to fig. 6). To sample,

a monkey had to move an object imtil the

content or lack of content of the food well was

clearly visible to the experimenter. As was

predicted (see texti, during the first half of

the experiment the curve representing the

sampling ratio of the posteriorly lesioned

group differs significantly from the others at

the .024 level [according to the nonpara-

mctric Mann-Whitney U procedure (84)].

predicts, therefore, that this operated group has

sampled fewer objects during the early portions of

the experiment. This prediction is tested as shown in

the graph of figure 9.

The prediction is confirmed. The posterior intrinsic

sector is thus estabhshed as one of the organismic

variables that determine the constant of the model. As

postulated by the model, the ratio of objects sampled

S' represents those stimulus elements which are not rein-

forced,

/ represents the overlap between S and S' which expresses

confusion when reinforcement is shifted from one to

another object,

TT represents the relative frequency of reinforced trials in the

stimulus series,

TT represents the relative frequency of nonreinforced trials

in the stimulus series,

p„ represents the mean probability of response on the nth

trial,

^0 represents the initial probability of response (operant

level),

$1 and $, represent the sampling ratios for reinforced and

nonreinforced stimulus sets respectively, and

n denotes the number of trials.

It is assumed that the above equations are weighted directly

as a function of the proportion of elements within the intercept

and nonintcrcept subsets, such that

P„iS') = k'p„iS' - /) -f (I - k')pM)

In these experiments, then,

S' is the set of unrcinforced stimulus elements (objects under

which no peanut is located),

/ includes among the subset of elements common to both

reinforced and imreinforced trials those objects which 're-

cently' have had a peanut under them,

k' is the proportion of stimulus elements not common to

both reinforced and unrcinforced trials, and

p„(S') is the mean probability of response on nonreinforced

trials (probability of error responses) on the ;:th trial.

In the present experiment only the objects with no peanuts

under them are considered since only one object at a time had

a peanut under it. Thus the set of reinforced objects reduces to

one, and the sampling ratio associated with it fli is maximized

with respect to the sampling ratio associated uith the un-

rcinforced sets, 9-..
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turns out to be more basic than the number of ol)jects

in the situation per se.

Review of Other Data

The lag in attaining the strategy to sample ex-

tensively shown by monkeys with posterior intrinsic

sector lesions is correlated with other deficiencies in

differentiation that follow such lesions. These de-

ficiencies differ in some respects from those produced

by lesions of the extrinsic (classical 'primary pro-

jection') systems, but the differences are subtle and

have repeatedly eluded precise specification (116).

The available data may therefore be briefly reviewed

in a renewed attempt at such specification, a) Drastic

bilateral removal of an extrinsic sector severely limits

differentiative behavior in the modality and only in

the modality served by that sector. The limitation

affects practically all differentiations in the mode:

thus, a monkey in which the occipital lobes have been

removed reacts only to gross changes in the en-

vironment that affect the visual receptors—changes

that can be ascribed to variations in total luminous

flux (61). Comparably, drastic bilateral removal of a

posterior intrinsic sector restricts differentiative be-

havior within the mode served by that sector, and

only within that mode, but the limitation is not as

severe as that produced by drastic removal of the

extrinsic sector serving that mode (14, 107). b) Under

some conditions, differentiation is unimpaired after

drastic posterior intrinsic sector resection : for ex-

ample, after such a removal, a monkey can catch a

flying gnat in mid-air and can pull in a peanut which

is beyond reach but attached to an available fine silk

thread (0000 surgical). In these situations, as in situ-

ations that necessitate the opening of a single box or

depressing of a single lever, the operated animal is

indistinguishable from an unoperated control {108).

f ) Under other conditions, such as those in the experi-

ment described above, differentiation is impaired

after posterior intrinsic sector ablations. These con-

ditions have in common the requireinent that two or

more separate responses be systematically related to

the differences between the environmental events that

determine the stimulus; i.e. alternatives are available

to the organism, alternatives that are specified by

environmentally determined stimuli. Such stimuli,

for convenience, will hereafter be referred to as "input'

variables. Examples of the problems where impair-

ment is found in the visual mode are : brightness, color,

form, pattern, size and flicker discriminations (go-92)

;

successive and simultaneous discriminations (116);

successions of discriminations ("learning set" j (12, 120);

oddity discriminations (50); and matching from

sample (50). Although the operated animals may per-

form "normally' on particular problems within a prob-

lem group, decrement is found on other more 'difficult'

problems in that group. Difficulty of problem is inde-

pendently defined ijy the number of trials taken by
naive unoperated animals to learn the problem. In

most instances problem difficulty has also been re-

lated to differences between the physical dimensions

of the objects, such as size discrimination (91), and to

other determinants of the alternatives in the situation,

including situational differences (116) and sampling

in the multiple-object problem.

Analysis of Results

These then are the data. Extensive bilateral abla-

tions of both extrinsic and posterior intrinsic sectors

impair differentiative behavior, but differences be-

tween the impairments exist. Attempts to portray

these differences are familiar. Neurologists have spoken

of 'defective sensibility' and of 'agnosia' (33, 52), the

latter often conceived as a disorder of memory. In so

far as this distinction assumes an associationistic model

of the functions of the intrinsic sectors, it gains little

support from neurological or neuropsychological evi-

dence (108). An alternate view can be proposed.

Psychologists have spoken of 'existential discrimina-

tions' and "differential discriminations' (57), or of

'sensibility' and 'intelligibility' (89), distinctions that

are made on the basis of whether the organism's

actions are determined by 'simple presence or absence'

of input variables or by 'some more complex rela-

tionship' between these variables, such as the number
of "contextual alternatives' in the situation (88). The
results of the experiment reported in this presentation

warrant an attempt to pursue this conceptualization

of the distinction by proposing a formal model of the

interaction between the functions of the intrinsic and

extrinsic sectors in differentiati\e behavior.

The defect in differentiative behavior that results

from lesions of the extrinsic and posteror intrinsic

sectors of the forebrain can be characterized by stating

the variety of transformations of the input under

which behavior remains invariant. Following exten-

sive bilateral resections of the extrinsic sectors, be-

havior remains invariant under a great variety of

transformations of the input. For instance, for these

preparations, even brightness and size of luminant

are multiplicatively interchangeable quantities (61),

whereas differentiative behavior by organisms with
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intact extrinsic sectors is invariant under much more

restricted ranges of transformations of the input—such

as diflTerentiation in the case of contrast and contour

(80), texture and acuity (39); continuous (orthogonal)

projective in the case of position, distance, form and

rigid motion (40, 41, 43).

The effects of lesions of the posterior intrinsic

sectors can also be characterized usefully in this way.

Differentiative behavior which remains invariant

under still fewer transformations of the input is inter-

fered with by such lesions. In the extreme, unique re-

sponses, i.e. 'absolute" differentiations, would be most

affected.

Unique responses can occur only wlicn both an

'absolute' unit and an 'absolute' reference point have

been fixed. As indicated in the discussion of the results

of the multiple object experiment, the mathematical

learning theory provides an approach to the specifica-

tion of these units and their referents. The fact that

this mathematical device has proved so powerful a

tool in the analysis of some completely unexpected

effects of posterior intrinsic sector lesions lends sup-

port to its usefulness in the development of the model.

MODEL OF POSTERIOR INTRINSIC MECH.-^NISM

Deficiencies of Transcortical Reflex

Models of cerebral organization relevant to com-

plex psychological processes have been based to a

large extent on clinical neurological data and have

been formulated with the 'reflex' as prototype. Such

models, implicitly or explicitly, assume that the

efTects of receptor activity are transmitted to receiving

or sensory areas; from these, neural activity converges

upon the association cortex where 'elaboration' takes

place; the "elaborated' or "associated' neural events

are then relayed to the "motor cortex which is con-

sidered the final common path for all cerebral ac-

tivity. These models fail to take into account the

finding that extratelencephalic afferents reach the por-

tions of the cortex usually referred to as 'motor' as

well as those known to be 'sensory.' Nor do they con-

sider the extent of the origin of efTerents from the

cerebral mantle, an extent which includes the 're-

ceiving' as well as the 'motor' areas.

Electrophysiological and neuroanatomical experi-

ments demonstrate that somatic afferents are dis-

tributed to both sides of the central fissure of primates

(i, 38, 66, 82, 126, 152). A recent monograph (74)

documents thoroughly the evidence for a more ex-

tensive origin of the pyramidal tract from the entire

extent of the postcentral as well as from the precentral

cortex of primates. This marked afferent-efferent over-

lap is not limited to the somatic system. With respect

to vision, eye movements can be elicited from stimula-

tion of practically all of the striate cortex (145); these

eye movements can be elicited after ablation of the

other cortical areas from which eye movements are

ojjtained. With respect to audition, ear movements

have been elicited from the auditory system (137).

From the portion of the cortex implicated in gustation,

tongue and chewing movements may be elicited (5,

1 36) ; respiratory effects follow stimulation of the

olfactory 'receiving' areas {58, 114). Thus, an overlap

of afferents and efferents is evident not only in the

neural mechanisms related to somatic function but

also in those related to the special senses. The over-

generalization to the brain of the law of Bell and

Magendie (81) which defines 'sensory' in terms of

afferents in the dorsal spinal and "motor' in terms of

efferents in the ventral spinal roots must, therefore,

give way to more precise investigation of the differ-

ences in internal organization of the afferent-efferent

relationship between periphery and cortex in order

to explain differences such as those between "sensory'

and "motor' mechanisms. As yet, only a few experi-

ments toward this end have been undertaken (4, 16,

121).

The afferent-efferent overlap in these projections,

or to use a term that takes account of this afferent-

efferent overlap, these 'extrinsic' systems, suggests the

possibility that the intrinsic systems need not be con-

sidered as association centers upon which pathways

from the sensory sectors converge to bring together

neural events before these can determine movement

via the motor pathways. A series of neurobehavioral

studies (11, 26, 70, 131, 132, 143), in which the ex-

trinsic sectors were surgically crosshatched, circum-

sected or isolated by large resections of their surround

with little apparent effects on behavior, has cast

further doubt on the usefulness of a 'transcortical'

reflex model. Additional difficulties are posed by the

negative electrophysiological and anatomical findings

whenever direct connections are sought between the

extrinsic and intrinsic sectors (115, 138). Experi-

inentalists who followed Flourens in dealing with this

problem, including Munk (97), von Monakov (139),

Goldstein (45), Loeb (79) and Lashley (68), have in-

variably come to emphasize the importance of the

extrinsic sectors not only in 'sensory-motor' behavior

but also in the more complex psychological processes.

Each in\estis;ator has had a slightly different approach
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to the functions of the intrinsic sectors, but the view-

points share the proposition that the intrinsic sectors

do not function independently of the extrinsic. The
common difficulty has been the conceptualization of

this interdependence between intrinsic and extrinsic

systems in terms other than the transcortical 'reflex'

model—a model which became less cogent with each

new experiment.

Pariitioiniig 0] Sets

There is an alternative concept which meets the

objections levied against the transcortical 'reflex' yet

accounts for currently available data. The relation-

ship between intrinsic and extrinsic systems can be

attributed to convergence of efferents from the two

systems at a subcortical locus, rather than to specific

afferents from the extrinsic to the intrinsic cortex.

Some evidence supporting this notion is already

available. Data obtained by \Vhitlock & Nauta (150),

using silver staining techniques, show that l)Oth the

intrinsic and the extrinsic sectors implicated in vision

bv neuropsychological experiments are eff^erently con-

nected with the superior colliculus. On the other

hand, lesions of the intrinsic thalamic nuclei fail to

interfere with difTerentiative iaehavior (13, 102). Thus,

the specific effects in behavior of the intrinsic systems

are explained on the basis of efferents to a subcortically

located neural mechanism that has specific functions.

These efferents can be conceived to partition the

afferent activity that results in the events in the

extrinsic sectors, events initiated ijy and corresponding

to the input variables. Partitioning determines the

e.xtent of tiic range of possibilities to which an element

ora set of elements can be assigned. Partitioning results

in patterns of information, information given by the

elements of the subsets resulting from the partition

{140). The posterior intrinsic sector mechanism is thus

conceived to provide both referent and units, though

not the elements to be specified. The effect of con-

tinued intrinsic sector activity will, according to this

model, result in a sequence of patterns of information

(partitions) of increasing complexity, which in turn

allow more and more precise specification of par-

ticular elements in the set (or subsets) of events oc-

curring in the extrinsic systems. Thus, through con-

tinued posterior intrinsic sector activity, more and

more information can be conveyed by any given in-

put. As a result, the organism's difTerentiative be-

havior remains invariant under a progressively nar-

rower range of systems of transformation of the input

—

difTerentiations become more 'absolute.'

The programing of the activities of the posterior

intrinsic sectors remains in question. Some things are

clear, however. The advantage of this model is that

the program is not composed by the events upon
which the program operates. In this respect the model
is in accord with neural and neurobehavioral facts

(108). Other models, whether associationistic or

match-mismatch (6), demand the storage of an ever

increasing number of 'bits' of information. The evi-

dence is overwhelmingly against the presence in the

nervous system of such minutely specific engrams

(71). In the model here presented, engrams consist of

encoded programs. These operate on the neural

events that are initiated by the input, transforming

them into other neural events which can lead to an
ever increasingly finer, that is, a more appropriate,

difl["erentlal response (42, 148). In this formulation

the posterior intrinsic sectors are conceived as pro-

graming mechanisms that function to partition events

initiated by the input, not as the loci of association

of such events, nor as the loci of storage of an ever

increasing number of minutely specific engrams.

NEUROBEH.'ilVIOR.'>iL .\N.ALVSIS OF FRONT.AL

INTRINSIC SYSTEM

The mechanism by whicii the posterior intrinsic

sectors is conceived to affect differential behavior

finds a parallel in the mechanism by which the frontal

intrinsic sector can affect intentional behavior. The
demonstration of this parallel is most effectively

initiated by some definitions that allow further

analy.ses of the data obtained in the multiple object

discrimination experiment.

Somr Definitions

Behavior theory often begins with the statement

that a response is a function of certain organismic

variables (such as drive or habit) and of a 'stimulus'

which is conceived as some environmental event or

constellation of environmental events. This classical

behaviorist position has been challenged bv those

primarily interested in psychophysical and perceptual

problems (3, 135); these investigators are concerned

with the more precise specification of the category

'stimulus' as including 'distal' (e.g. environmental)

and 'proximal' (organismic, i.e. receptor) events. This

concern must be shared by the neuropsychologist

who is interested in the relationship between central

processes and behavior since complex interactions
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no. lo. Graph of the average total number of trials taken

in the multiple object experiment by each of the groups

(Control = Normal; Posterior Intrinsic Lesion = Temporal; Frontal

Intrinsic Lesion = /'Von/n/) to reach, in each of the situations, a

criterion of performance of five consecutive correct responses.

A correct response occurred when tlie monkey moved the

object under which a peanut had been placed for that trial.

In a succession of trials, the peanut remained under one of

the objects until criterion performance was reached. Then

the peanut was shifted to one of the other objects in the situa-

tion and the trials resumed j this procedure was repeated until

each of the objects in each of the situations had been the correct

one. (See also the legends to figs. 4, 5, and 6.)

response" are also often confounded. As used in this

presentation 'response' denotes any dependent vari-

able whicli is selected as representative of an action, a

repertoire of responses which can be shown to be

systematically related. Movements of smooth muscle

and endocrine events comprise the eflfector com-

ponents of action; those components that modify re-

ceptor activity (i.e. the stimulus components) are

referred to as the 'outcome' of actions. Actions are

specified either ijy direct observations of the outcomes

of muscular or endocrine events (e.g. the changes in

the activity of afiferents from muscle spindles) or in-

directly from some behavioral response (e.g. the

record of depressions of a lever) made by the organ-

ism. The obviously circular relation between all of

these definitions is tolerable since each term is inde-

pendently as well as circularly definable, the environ-

inental terms by physical methods, the organismic

terms by biological methods.

Behavior observed to be a function of systematic

variations of input is referred to as 'differentiative.'

Behavior observed to be a function of systematic

variations of outcome is referred to as "intentional.'

Problem solution in all instances involves both

differentiative and intentional behavior—however,

analysis is profitably focused on each in turn.

between receptor and central mechanisms preclude

an understanding of the one without an appreciation

of the other. The importance of central regulation of

receptor events is attested by the findings of recent

physiological experiments which demonstrate mecha-

nisms that allow the regulation of afferent activity

through efTerents from the central nervous system:

the effect of electrical excitation of 7-eflrerents (one

third of the fibers in the ventral spinal root) in modify-

ing the activity of afiferents originating in muscle

spindles (21, 22, 67); the influence of excitation of

efferents in the otic system on afferent activity initiated

by auditory stimulation (36); and similar effects in the

optic (19, 46), somatic (47, 54) and olfactory (60)

systems. (These mechanisms are discussed in detail in

Chapter XXXI by Livingston.)

'Stimuli' are thus conceived as centrally regulated

receptor events. To avoid confusion, the term 'input'

is reserved for those receptor events which can be

shown to be systematically related to an ensemble of

environmental events. Inputs are specified either by

direct observation of the effects of environmental

events on receptor events, or indirectly from such

effects on the behavioral responses of the organism.

As with the term 'stimulus,' several uses of the term

Some Experiments

Returning to the multiple object experiment,

figure 10 graphs the average of the total number of

trials taken by each group of monkeys in each situ-

ation to reach the criterion of five consecutive errorless

responses. The peculiarities of the shape of the curve

representing the performance of the posteriorly oper-

ated animals have already been analyzed. The diffi-

culties in performance encountered by the frontally

operated group are more clearly demonstrated by

comparing the graph of the total number of trials

(fig. 10) with one that portrays performance following

completion of search, i.e. after the first response in

which the peanut is found (fig. 11). Note that the lag

shown by the frontally operated group in reducing

the number of trials taken to reach criterion (or the

number of repetitive errors made) occurs after the

peanut has been found (fig. 11). This group of monkeys

experiences difficulty in attaining on successive trials

the strategy of returning to the object under which on

the previous trial they have found the peanut. What-

ever may be the explanation of this diHiculty, a

precise description can be given: for the frontally oper-

ated group, 'finding the peanut' does not determine
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FIG. I I . Graph of the average of the number of trials tu

criterion taken in the multiple object experiment by each of

the groups in each of the situations after search was completed,

i.e. after the first correct response. (.See legends to figs. 7 and

1 o. ) Note the difference between the curves for the controls

and for the frontally operated group, a difference which is

significant at the .05 level by an analysis of variance (F = 8. 19

for 2 and 6 df), according to McNemar's (85) procedure

performed on normalized (by square root transformation) raw

scores.

subsequent choices to the extent that 'finding the

peanut' determines subsequent choices for the normal

group. The experimental behaviorist, using terms

identical to those used by Sherrington in his lectures

on 'the integrative action of the nervous system,'

would describe the finding in more technical language

:

for the group with frontal lesions, response to the

'positive element," i.e. the object with the peanut

under it, is inadequately 'reinforced' by the finding

of the peanut; as a result, the monkeys with frontal

lesions do not shift their responses to the reinforced

object as readily as do the controls. To state this more

generally, when given a choice, the intentions of

animals with frontal lesions are guided less than those

of controls by the behaviorally rele\ant consequences,

or 'outcomes,' of their prior actions.

Interestingly, before the frontally operated group

begins to attain the necessary strategy (after the seven

cue situation), performance of tliis group reflects the

number of alternatives in the situation. This finding

suggests a parallel with analyses of the determinants

of intentions dexeloped in the theory of games and

economic behavior (141). Intentions are determined

by two classes of variables: a) the dispositions of the

organism and h) an estimate about the actions of other

parts of the system. The finding that performance of

the frontally operated group is related to the number
of alternati\es in the situation suggests that this group

is deficient in evaluating the second class of variables

— but this is only suggested b\- these results. Support

for the hypothesis that frontal lesions do not affect the

dispositional variables that determine the preferences

comes from the results of another experiment.

In a constant (fixed) interval experiment, 10 rhesus

monkeys are tested in an 'operant conditioning' (
1
30)

situation which consists of an enclosure (discarded

icebox) in which a lever is available to the monkey.

Occasionally, immediately after a depression of a

lever, a pellet of food also becomes available to the

monkey. The experimenter schedules the occasions on

which the action of pressing the lever will make a

food pellet become available. In this experiment, these

occasions recurred regularly at a constant (fixed)

40
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FIG. 12. Graph showing the effect of food deprivation on

monkeys" rate of lever-pressing response to food (a small

pellet of laboratory chow) which became available every 2

min. The change in total rate is indicated by numbers under

the deprivation label. The lack of change in the distribution

of responses is shown by the turves. Each curve represents

the average of the responses of 10 monkeys; each point repre-

sents the average rate during a period of the interval over

10 hr. of testing. \'ariance is indicated by the short honzintal

burs. (Dr. Nathan .^zrin made this experiment possible by

constructing apparatus and by suggesting that separate

coimters be used to record performance during each period

of the interval. Mr. David Nowel, Mr. Thomas Tighe and

Miss Libby Fleisher helped carry out this and the experiinent

reported in fig. 13.)
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formance ol delayed reaction and of alternation by

subhuman primates. These problems are usually

classified with those used primarily to study differen-

tiative behavior, although differences between the

two are recognized. These differences have been con-

ceptualized in terms of one-trial learning (99), im-

mediate memory (56) and retroactive inhibition (83),

conceptions which are insufficiently distinctive to

account for recently reported experimental findings

(94). More penetrating analyses have been accom-

plished for the effects of frontal intrinsic sector lesions

on the performance of the double alternation problem

(78) and for the simple alternation problem per se

(6a). These analyses emphasize the recurrent regu-

larities which constitute the alternation problems and

suggest that such problems be considered examples of

a larger class which can be distinguished from prob-

lems that require differentiation (37). Delayed reac-

tion may also belong to the class of problems specified

by recurring regularities; the recurrence, at the time

response is permitted, of some of the events present in

the predelay situation, constitutes an essential aspect

of the delay problem {94).

The reasons for classifying the delayed reaction and

alternation problems with those related to systematic

\ariations of outcomes remain somewhat obscure.

The results of the following experiment provide some

clarification. Under special conditions, monkeys with

lesions of the frontal intrinsic sectors perform re-

markably well the delayed reaction and alternation

problems (93, 94). Adequate performance is estab-

lished, however, at the cost of a great number of

repetitive errors (though not of initial errors), as

shown in figure 14. These results can be described as

a failure in performance due to the relative inefficacy

of the outcome of the frontally operated animals"

actions in determining subsequent action. This de-

scription is compatible with the finding that, in de-

layed reaction, the important determinant of per-

formance is the outcome of the animal's reaction in

the predelay situation (94), the outcome having

'acquired distinctiveness" during the earlier phases of

the experiment.

MODEL OF FRONTAL INTRINSIC MECHANISM

From these data, a formal model of the neural

mechanism that underlies the effect of frontal in-

trinsic sector resections of intentional behavior can be

propo.sed. This model takes into account the neural

relationship between the frontal intrinsic sector and

FIG. 14. Graph showing the differences in the number
of repetitive errors made by groups of monkeys in a 'go-no-go'

type of delayed reaction experiment. Especially during the

initial trials, frontally operated animals repeatedly return to

the food well after exposure to the 'nonrewarded' predelay

cue. Note, however, this variation of the delay problem is

mastered easily by the frontally operated group. The 12

rhesus monkeys used in the multiple object experiment (figs.

6 to II) served as subjects some 2 years earlier in the delayed

response experiment portrayed here. (Dr. Margaret Varley

assisted in the performance of the earlier experiment.

)

the mediobasal structures of the forebrain (iio) and

is based on the finding that two classes of variables

determine the effects of an outcome of an action. A
large body of data has been accumulated in the last

20 years as a result of studies which made use of surgi-

cal ablation and electrical stimulation. These data

demonstrate the special relation of the mediobasal

systems of the forebrain to the class of variables sub-

sumed under the rubric 'disposition.'

Mediobasal Forebrain and Disposition

Changes in the following types of behavior are re-

ported to result from mediobasal forebrain ablations

and stimulations: fighting (dominance, reaction to

frustration); fleeing (escape and avoidance); feeding

(appetitive, such as hoarding, and consummatory)

;

and mating and maternal (nest building and care of

the young). Stimulation or ablation which affects one

of these behavior patterns is likely also to affect the

others (though not necessarily to the same extent).

On the other hand, the performance of discrimination

tasks remains unaffected (107).
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Typically the damage or stimulation of mediobasal

sectors affects intentional behavior by disrupting the

more or less orderly recurring sequences of actions

which constitute feeding, fighting, fleeing, mating and

maternal behavior. None of the elements of the

sequence drop out; rather the duration of any one

such element of action is altered. The outcome of an

action appears, in these damaged animals, to be an

ineffective terminant or maintainant of acts in the

.sequence (i8). Specifically, animals with mediobasal

foreljrain resections continue feeding long after control

subjects (with the same amount of deprivation and in

the same situation) have stopped eating (34, in). The

duration of avoidance behavior is shortened : thus, a

monkey will repeatedly grasp a flaming match even

though he is burned each time (35). A fighting re-

action is not maintained. An animal with a medio-

basal lesion may draw blood or have a finger bitten

off and within a few seconds sit unconcernedly

munching peanuts. This effect, as that on avoidance,

is especially easy to discern in measures of extinction

(117). Reactions to a 'frustration situation' are also

altered along this dimension: the intensity of an

animal's reaction to frustration is unimpaired, but the

duration of the reaction is shorter than that of a

control subject (113). When closely examined, the

effects of mediobasal forebrain ablations on hoarding

(133), mating (34) and maternal (134) behavior, are

on the duration of a particular element of the se-

quence, for example, food or an infant is dropped be-

fore the nest is reached or, occasionally, carried to the

nest and then taken out again to be dropped elsewhere.

The neural mechanisms whereby the mediobasal

sectors affect the outcome determinants of behavior

are only beginning to be detailed (109). Essentially,

the mediobasal forebrain structures are especially re-

lated afferently and efferently to medial mesencephalic

and diencephalic structures in which are located the

slowly adapting receptors surrounding the third and

fourth cerebral ventricles (such as the osmo- and

temperature-sensitive elements) as well as to the non-

specific diffuse systems. The latter are characterized

by networks of short fine-fiber neurons. In such net-

works synaptic, dendritic and electrotonic phenomena,

especially sensitive to neurochemical influences, are

most likely of greater total significance than are

rapidly propagated patterns of neural impulses. In

fact, the connections between the mediobasal fore-

brain and medial mesencephalic and diencephalic

structures are so arranged that even when propagated

signals are transmitted, the effect on the target site is

more often a change in local excital)ility than the

firing of neurons (44).

Characteristic interactions between the functions

of the mediobasal sectors and those of the diffuse non-

specific systems are thus clearly established at the

neural level—interactions which can account for the

finding that intentional behavior is affected when
mediobasal forebrain structures are ablated or

electrically excited. An analysis of the effects of these

interactions can therefore be undertaken. Changes in

the excitability of these neural mechanisms have been

correlated with changes in activation, such as sleep-

wakefulness, which in the intact organism are cyclic

processes. Whether the outcome of any particular

action is desirable or not is a cyclic function—for

instance, a heaping plate of food is most desirable at

the peak of the appetitive cycle but slightly nauseating

just after consumption of a large meal. The differ-

ences in the effects of outcomes depend therefore on

the dispositions of the organism that are only partially

(and inadequately) described by the differences that

can be found to occur during any one cycle (27, 28,

48, 77, 118). More complete description would take

into account cyclically recurring regularities.

The cycles of activation (or deactivation) in be-

havior that occur with changes in the excitability of

the central system are analogous to conversions be-

tween potential and kinetic energy in physical

systems—the activity of water at the base of a fall is

not properly described in terms of the differences be-

tween the 'amount' of energy which exists in the

limpid pool at the top of the falls and that which

characterizes the excited turbulence at the base.

Rather, the difference is measured by reciprocally

related quantities—kinetic and potential, in the case

of physical systems (such as the waterfall); or anabolic

and catabolic, in biological descriptions. Thus, a

"need-reduction" formulation, in which the referent

against which change is specified is considered to be

some basal (that is minimal) level is inadequate. This

conceptualization, by insistence on "amount' of need

as the basic variable, easily falls into the trap of con-

fusing the reciprocally related potential and kinetic

manifestations of the energic process with quantita-

tive differences in the total amount of energy in the

system.

An added argument against simple need "reduc-

tion,' based on the notion of 'physiological need,' is

that such a notion does violence to physiological fact.

Oxygen deprivation produces little increase in

respiratory rate, provided a constant partial pressure

of carbon dioxide surrounds the respiratorv receptor
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mechanisms in tlic carotid Ijody and brain stem (87).

Food deprivation, as in starvation, is insufficient per

se to increase appetite. Long-term deprivation of

mating leads as often to continence as to frustration

—

these examples suffice to suggest that physiological

need is not invariably produced by deprivation. And,

of course, the converse also holds, in that 'need' (as

measured by the rate or amount of movement related

to an outcome) may actually increase when recm-

rently 'satisfied' (77).

On the other hand, the more complete specification

that takes into account the reciprocally related re-

curring changes in the distribution of excitability

and rest is supported by physiological fact. The
electrical activity of totally isolated neural tissue is

cyclical (7). The period of cyclical activity can be

specified and any changes imposed on the normal

periodicity can be described. The advantages of such

description are : the 'amount of excitability' is not con-

fused with 'amount of energy'; a particular event may
increase excitability at one time, and may decrease it

at another; thus, the effect of an outcome of an action

is conceived to depend on the phase of the excitability

cycle at the moment of action. The disposition of an

organism is therefore a basic determinant of inten-

tional beha\ior. Dispositions are conceived to be de-

pendent on changes in the periods of neural excita-

bility cycles.

A'fechanism of Expectatinn

By analogy with the model describing the functions

of the extrinsic and posterior intrinsic mechanisms,

the proposal of a model of the frontal intrinsic and

medioijasal forebrain mechanisms begins with a state-

ment of the variety of transformations of descriptions

of the outcome under which l^ehavior remains in-

variant. Following extensive bilateral resections of the

mediobasal systems, behavior remains in\ariant over

a wide variety of transformations of outcome, for

example, even gross changes in the amount of food

deprivation minimallv alter rate of response to food

(147)-

Frontal intrinsic sector lesions affect intentional

behavior that remains invariant only under the more

restricted ranges of transformations of the outcome,

transformations whicii in controls can be shown to

affect the distribution of intentional respon.ses. In the

extreme, unique distributions, such as those measured

by indifference functions, would be most affected by

such lesions.

L'nique distributions can occur onlv when Ijoth the

units of intention and their referent have been fixed.

Difficulties in defining such units and their referent

stem from the cyclical variations which describe the

dispositions of organisms—difficulties already di-

cussed from the neurobehavioral standpoint. The
formal device 'mathematical expectation,' which is so

usefully applied to the analysis of the effects of frontal

intrinsic sector lesions, is designed to overcome the

difliculties encountered in analyzing the solution of

proi:)lems characterized by cyclic phenomena (141).

This device, based on combinatorial (equilibratory)

and set theoretical methods, meets the difficulties by

the suggestion that the solution of such problems is

described, not by the single elements (outcomes) that

define the problem, but by sets (and subsets) of such

elements. Unfortunately, the mathematics falls some-

what short of accoiTiplishment in this area and only

some rudimentary approaches to the task are possible

at this time (142).

Nevertheless, the relevance of the device, mathe-

matical expectation, in the analysis of the results of

the multiple-object and constant-interval experiments,

suggests the formal model of the frontal intrinsic

mechanism. This model conceives the frontal intrinsic

mechanism to partition the events in the mediobasal

forebrain systems, dispositional events that determine

the effect of outcome variables. Partitioning results in

distributions of intentions, intentions determined by

the elements of the subset resulting from the partition.

The frontal intrinsic mechanism is thus conceived to

provide both referent and units although not the

elements that specifv intentional behavior. The effect

of continued frontal intrinsic sector activity will,

according to this model, result in an increasingly com-

plex sequence of distributions of intentions which in

turn allow more and more precise specifications of

intent that can be conveved for any given outcome.

As a result, the organism's intentional behavior re-

mains invariant under a progressively narrower range

of systems of transformations of outcomes—intentions

become more precise.

The programing of the activities of the frontal

intrinsic sector remains in question. Some things are

clear, however. The advantage of the model is that

the program is not composed by the events upon

which the program operates. Thus, as in the case of

the posterior intrinsic mechanisms, storage of en-

coded programs is demanded—not storage of an ever-

increasing number of discrete preferences. In this

formulation, the frontal intrinsic sector is conceived

as a programing mechanism that maps intentions

—

a conception that is in accord both with experimental
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finding and clinical observation (2'], 32, 101, 103,

127).

SUMMARY AND CONCLUSION

Evidence has been presented to support the con-

ception that the posterior and the frontal intrinsic

systems serve different aspects of the problem-solving

process. The argument has been forwarded that two

major classes of behavior can be distinguished, differ-

entiative and intentional. The multiple object experi-

ment detailed above provides a paradigm of the

relation between each of these classes in problem solu-

tion. Posterior intrinsic .sector resection interferes with

differentiative behavior during .search; such lesions

affect the delineation of a problem. Frontal intrinsic

sector resection interferes with intentional behavior

after search is completed; such lesions affect the

economic solution of a problem.

Furthermore, the experiment presented shows that

the delineation and economic solution of a problem

can occur more or less haphazardly. Haphazard prob-

lem-solving behavior is described by the relatively

wide range of systems of transformations of the input

and outcome under which behavior remains invari-

ant. Strategic problem solution, on the other hand,

occurs with restriction of the range of such systems

of transformations. The experiment is interpreted to

indicate that restriction in this instance results from

the operation of a mechanism (the intrinsic) that

partitions the neural events (in the extrinsic and

mediobasal forebrain systems) determined by input

and outcome. By providing both a referent and units,

partitioning defines the range of possibilities to which

an input or outcome is assigned by the organism.

The distinction between neural mechanisms that

serve differentiation and those that subserve inten-

tion is not a new one. Sherrington makes this dis-

tinction in his description of the coordination of

reflexes (129) : The "singleness of action from moment
is the keystone in the construction of the individual."

This singleness of action comes about in two ways

—

'interference' between and 'allied combinations' of

reflexes. In his analysis of 'interference' (or an-

tagonism) between reflexes, Sherrington forwards

concepts such as inhibition, induction and spinal

contrast—concepts which have relevance to dis-

criminative behavior [for example, as already noted,

the use of the concept 'induction' l)y Skinner (130)

for the occurrence of the 'hump" in the graphical

representation of complex discrimination learning].

Sherrington uses these concepts to provide an under-

standing of the differences between reflex behaviors

to different inputs. On the other hand, Sherrington's

discussions of 'allied combinations' of reflexes are

an attempt to understand behavior regulated by out-

comes: "the new reflex breaks in upon a condition of

equilibrium, which latter is itself a reflex," a notion

which has been enlarged upon by Cannon (g) and

more recently by Wiener (151). In discussing allied

combinations of reflexes, concepts such as reinforce-

ment, convergence, summation and facilitation are

used by Sherrington—concepts which ha\e rclexance

to intentional behavior.

More recently, Denny-Brown (i 7) has distinguished

between cortical resections that affect patterns of

approaching (grasping, hopping, placing) and those

that affect patterns of avoiding (withdrawing). Al-

though the cortical resections made by Denny-Brown

and those described here are only roughly com-

parable, enough correspondence exists to permit the

suggestion that the patterns of approaching and the

sampling of inputs as described here may reflect

some common mechanism, that the patterns of avoid-

ing may be manifestations (in untamed animals sub-

jected to laboratory routines) of the behavior de-

scribed here as guided by outcomes.

The neural mechanism here propo.sed is similar

in some respects to others already formulated. The

neurobehavioral data presented, and tlieir formal

analysis, suggest that the events in the extrinsic and

mediobasal forebrain systems are indeed the im-

portant determinants of moment-to-moment behavior

as in Lashley's (72) and in Kohler's formulations

(63-65), among others. However, these events are

acted upon by others which provide the contextual

matrix that sets limits on the moment-to-moment

beha\ ior, as propo.sed by Freud (33) and more

recenih b\ Forgus (29-31). The resultant of the

interaction of these two classes of neural events is

described more formally, though less picturesquely,

by the mechanism, 'partitioning of sets,' than this

resultant is described by Lashley's largely nativistic

or Hebb's largely empiricistic conceptions: redupli-

cated neural loops (69) or phase sequences (53). Yet

all three share the essential characteristic that, in

continued problem-solving behavior, increasingly

complex patterns of neural events occur, patterns that

allow more and more precise differentiations and

intentions to be made.

Nor is the distinction Ijetween the delineativc and

the economic aspects of prol^lem solution a new one

in the behavioral sciences. The contributions of the
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Wurzburg school (55) and their Gestalt-orientcd

successors (2, 62, 149) have consistently emphasized

the distinction between the 'content' of thought and

its 'motor'; between knowledge and intention (6-2).

These formulations, however, frequently confounded

two of the pairs of distinctions made in this presenta-

tion: the disdnction between the delineative and the

economic aspects of problem solution on the one hand

and, on the other, that between the attitudinal

(partitioning) factors and the events upon which

these attitudes operate. Piaget (104) comes somewhat

closer to maintaining separate these distinctions. This

correspondence between Piaget's analysis ot the re-

sults of his experiments and that presented here may

be due to the similarity of the formal devices used:

Piaget's 'groups of displacements' are included in the

'systems of transformations' referred to throughout

this presentation.

Social scientists have also made use of the dis-

dnction between the delineative and the economic

aspects of problem solution. Thus, Parsons dis-

tinguishes between determinants of 'interest' in a

problem and those of 'value-orientation which provide

the standards of what constitute satisfactory solutions

of these problems' (100). Basic to this distinction is

the difference as yet grasped only vaguely, between

the acquisition of information (128) and its utiliza-

tion (140-142). The development of this disdnction

in the social, as well as in the biological (and in the

physical) sciences, is hampered by the fact (already

mentioned above) that, in connotative use, the lan-

guage of occidental cultures fails to separate clearly

the differences brought out by the neurobehavioral

analysis made here: difierences between attitudinal

factors and the events upon which these attitudes

operate on the one hand, and between the delineative

and the economic aspects of problem solution on the

other. Recently, there has been in North America a

shift in popular connotation away from attitudinal

determinants—e.g. the term 'honesty' no longer

refers exclusively to 'telling the truth,' 'respecting

others' property' and such, but also to 'behaving

according to how one feels and sees the situation,' even

if this entails occasional lying or stealing (119).

Such confusion in connotative meaning creates

especial difficulties for a science that must obtain

data almost exclusively from verbal reports. The

results of analyses such as this one of neurobehavioral

data may be most usefully applied to the social

sciences as keys that open avenues of conceptualization

common to all sciences—conceptualizations now

locked behind the intricacies of verbal beha\-ior.

We thus, from the biological standpoint, see the cerebrum,

and especially the cerebral cortex, as the latest and highest ex-

pression of a nervous mechanism which may be described as

the organ of, and for, the adaptation of nervous reactions. The cere-

brum, built upon the distance-receptors and entrusted with

reactions which fall in an anticipatory interval so as to be

precurrent . . . , comes, with its projicience of sensation and the

psychical powers unfolded from that germ of advantage, to be

the organ par excellence for the readjustment and the perfecting

of the nervous reactions of the animal as a whole, so as to im-

prove and extend their suitability to, and advantage over, the

environment. . . . Only by continual modification of its an-

cestral powers to suit the present can it fulfil that which its

destiny, if it is to succeed, requires from it as its life's purpose,

namely, the extension of its dominance over its environment.

For this conquest its cerebrum is its best weapon. It is then

around the cerebrum, its physiological and psychological

attributes, that the main interest of biology must ultimately

turn.

Sherrington, C. S. The Integrative

Action of the Nervous System, p. 390 (129).
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INTRODUCTION

CONSIDERABLE INTEREST IN THE coitical arcas discusscd

in this chapter has been provoked lay the suggestion

that they serve autonomic and emotional rather than

olfactory functions. The possible role of these regions

in the effects obtained in the surgical treatment of

psychiatric disorders by interference with frontal and

anterior temporal structures and the frequent occur-

rence of epileptogenic discharges in the anterior

temporal region have provided a remarkable impetus

for clinical and neurophysiological investigation of

this portion of the brain. Reviews of these studies have

been written by Fulton (74-76), MacLean (162-164),

Kaada (126, 127), Gastaut (83), Dell (55), Kluver

(140), Pool (197), Pribram & Kruger (202) and

Gloor (92).

SOME GENERAL ANATOMICAL CONSIDERATIONS

On the medial surface of the cerebral hemisphere,

the rostral brain stem and the interhemispheric com-

missures are surrounded by a great arcuate convolu-

tion, the dorsal and ventral halves of which are the

cingulate (limbic) and hippocampal g>Ti (figs. 1,2).

The foriner surmounts the corpus callosum and can,

in most maiumals, be traced beneath the genu of the

corpus callosum as the subcallosal gyrus to the ol-

factory tubercle. In primates the cingulate and hippo-

campal gyri are clearly demarcated by the cingulate

sulcus and the rhinal fissure respectively.

Varying terminology has been applied to this part

of the brain. In agreement with the approved interna-

tional anatomical nomenclature (37, 243) and with

most recent authors, the term cingulate gyrus is here

preferred for the dorsal half of the arch. This has also

been spoken of as the limbic (22, 209, 260, 261) or

fornicate gyrus (34, 35)- Finally the entire two

'345
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granular cortex poor in

granule cells

wranulor cortex increas-

[ I
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1
s ingly ricti in granule
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cortex)

FIG. I. Distribution of agranular (while) and different

types of granular and granulous cortex in man, according to

von Economo. [From von Economo (-261).]

arcuate convolutions, taken together, were earlier

designated the cingulate (261) or fornicate gyrus

(205, 206), the limbic lobe (249) or the grand lohe

limbique (34, 35). The latter term also includes other

structures (cf. below).

Posteriorly the two gyri are continuous in the retro-

splenial region. Anteriorly the cortex of the posterior

orbital surface of the frontal lobe, the anterior insula

and adjacent temporal pole is interposed between the

anteroventral ends of the two convolutions, thus

completing a cortical ring around the rostral brain

stem and interhemispheric commissures. Closely asso-

ciated with these convolutions is the hippocampus

proper. Based on phylogenetic studies Herrick (100)

made a distinction between 'archipallium' (hippo-

campus, fascia dentata and subiculum), 'paleopal-

lium' (pyriform cortex cosering the anterior portion

of the hippocampal gyrus) and 'neopallium.' The
archi- and paleopallium are covered by an ancient

type of cortex termed allocortex (259). The grey

matter of the rest of the ring-like formation forms a

'transitional' cortex, also termed 'juxtallocortex,'

which separates the typical alio- and isocortex. Part of

this juxtallocortex has also been designated 'meso-

cortex' (for references cf. 126, pp. 72-86; 202).

The general concept of most morphologists has

been that all these alio- and juxtallocortical structures

are concerned with important olfactory functions and
they formed the basis for Broca's (34) delimitation of

his grand lobe limbique. The anterior part of the cingu-

late gyrus was specially designated as le centre olfaclif

superieur. All these structures have also been variously

included in the ill-defined terms 'rhinencephalon' or

'olfactory brain.' Subsequent anatomical and physio-

logical research has not given any support to the pre-

sumed olfactory function of the cingulate region, the

hippocampus and some other parts of the 'limbic

lobe' (see 36, 126, 162, 184, for review and references).

More recently Broca's term "limbic lobe' has been

adopted by MacLean and others (162, 163, 166).

The cortex of the posterior orbital surface of the

frontal lobe, the anterior insula and the temporal

polar region which, by Broca's definition, would be

outside the 'limbic lobe" (because it is peripheral to

the rhinal fissure) has, on accovmt of its close cyto-

architectural (260, 261) and functional (126, 133)

similarities to the adjacent alio- and juxtallocortex,

also been included. At our present state of knowledge

the term 'limbic lobe' is, in the reviewers opinion,

of doubtful value, even though it is convenient. The
same applies to the still broader term 'liinbic system'

(10, 76, 164, 166) which, in addition to the cingulate

and hippocampal gyri, the hippocampus, and the

orbitoinsulotemporal polar region, includes all the

subcortical cell stations presumai^ly associated with

the 'limbic lobe' (amygdala, septal nuclei, hypo-

thalamus, epithalamus, anterior thalamic nuclei, and

parts of the basal ganglia) (163, 166). Although the

cortical areas contained in the 'limbic lobe" may share

some structural characteristics, it is not known
whether they form a functional unit. Recent anatomi-

cal and physiological research rather tends to fraction-

ate the "limbic system' into .several units with quite

different projections and functional significance. We
shall return to this important question at the end of

this chapter.

The areas to be dealt with in this .section, viz the

anterior cingulate, posterior orbital, anterior insular
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and temporal polar regions represent the anterior

half of the alio- and juxtallocortical hilar formation.

Physiological experiments, particularly in the past i o

years, have shown that these areas respond to electri-

cal stimulation with a great variety of somatomotor

and visceromotor eflfects, thus imputing to it motor

functions. This view is consistent with the histological

findings that the responsive ancient type of cortex is

of the agranular or sparsely granular type which,

therefore^ might be expected to possess effector

functions (fig. i).

On the other hand, this ancient type of agranular

'motor' cortex on the medial and basal aspects of the

cerebral mantle may also be regarded as interposed

between the upper and lower ends of the precentral

motor cortex of the dorsolateral aspects of the hemi-

sphere, joining the latter at the cingulate sulcus on

the one side and at the lower precentral and anterior

insular region on the other (fig. i). Thus, the physio-

logical experiments lend support to von Economo's

(261) contention of the existence of a broad zone of

'motor' cortex which encircles the entire cerelsral

hemisphere in a frontal plane anterior to the central

sulcus of primates.

The hmited space at disposal unfortunately does

not allow any anatomical description of the cortical

areas concerned. The reader is referred to the fol-

lowing more recent publications: cytoarchitecture

(reviews: 126, 202; cingulate cortex; 22, 205, 209,

238, 260; orbitoinsular cortex: 22, 29, 73, 260; and

temporal polar cortex: 22, 260); corticocortical con-

nections (cingulate: 23, 167, 203, 204, 228; orbito-

insulotemporal cortex: 24, 167, 192, 203, 204);

afferent and efferent subcortical projections (re-

views: 46, 75, 92, 126, 202; cingulate: 46, 47, 91, 194,

201, 228; orbitoinsular: 46, 200, 215, 256, 264, 268;

and temporal polar cortex: 4, 39, 195, 200, 224, 244,

263); and olfactory pathways (2, 36, 37, 176, 202,

205). The subcortical pathways mediating the differ-

ent types of responses obtained on stimulation are

discussed in the subsequent sections.

At this point brief mention should be made of the

hippocampal-cingulate relationships. Two distinct

types of cortex can be distinguished in all mammals

within the cingulate gyrus: a posterior granular type

and an anteriorly situated agranular type. The

cingulate cortex is closely connected with the hippo-

campus through the fornix via the maminillary bodies

through the anterior thalamic nucleus to the cingulate

gyrus. The thalamocingulate projections are derived

from all three portions of this nucleus: the antero-

medial nucleus, projecting upon the agranular

anterior cingulate area (Brodmann's area 24); the

anteroventral nucleus, projecting upon the granular

posterior cingulate area (area 23 j; and the antero-

dorsal nucleus, projecting upon the retrosplenial

region (areas 29 and 30). [Reviews and references

may be found in various pulslications (22, 46, 126,

209, 260).] In all these cortical areas (and in the

granular prefrontal cortex) (3) the fibers of the cingu-

lum bundle originate and run through the white

matter in the retrosplenial region to terminate mainly

in the subiculum and presubiculum (i, 3, 80, 205) and

possibly directly in the hippocampus proper (205,

228). Thus the cingulum fibers appear to complete

some kind of a 'circuit' between the cingulate cortex

and the hippocampus, as first suggested by Papez

(184) in 1937 in his much publicized theory on the

central mechanism of emotion.

Along the sulcus cinguli bordering areas 24 and 23,

there is the so-called 'cingular belt,' homologous with

areas 32 and 31, which Bailey et al. (23) in 1944 found

to receive connections from the cortical 'supressor'

areas (24s, 8s, 4s, 2S and 19s). Le Gros Clark &

Meyer (46) have referred to this beh "as a nodal

point of considerable physiological activity," but to

the author's knowledge there are no experimental or

clinical data that give any clue as to its functional

significance and it will therefore not be dealt with any

further in this review.

EFFECTS OF STIMULATION

Electrical stimulation of the anterior cingulate and

orbitoinsulotemporal polar cortex has elicited com-

plex somatomotor, autonomic, behavioral and elec-

trocorticographic effects which will be described in

this order. The effects on respiratory movements will

be discussed together with the somatomotor responses

as they are subserved by somatomotor nerves inner-

vating striated muscles.

Somatomotor Responses

INHIBITION OF RESPIRATORY MOVEMENTS. One of the

more striking effects of stimulation of anterior cingu-

late cortex on the medial surface and the orbitoinsulo-

temporal polar cortex on the ventral surface of the

hemisphere is the profound inhibition of respiratory

movements. This effect is part of a more generalized

inhibitory influence on spontaneous somatomotor

movements exerted by the same cortical areas.

Slowing or arrest of respiratory movements was
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early ol)tained from the orbital gyrus of cats and dogs

(51, 199, 241, 257) and by Spencer (241) from the

posterior orbital surface of the frontal lobe of the

monkey. These papers were, however, largely for-

gotten until the report of Bailey & Sweet in 1940 (21 )

who substantiated and extended the earlier observa-

tions in cats and monkeys. In the past 15 years the

orbital surface has been extensively studied in the

cat (21, 108, 126, 215, 234, 240), dog (54, 126, 215,

-34. 240), monkey (54, 126, 133, 159, 215, 256) and
man (41, 42, 158). Of particular importance was the

observation by Sugar et al. in 1948 (245) that in

monkeys the posterior orbital respiratory area con-

tinues into the anterior insula. The next year Kaada
and co-workers (133) reported similar effects in the

monkey on stimulating the temporal polar cortex, a

FIG. 2. Anteroventrolateral (.-1) and ventromedial (B) view of the hemisphere of Macaca mulalla.

Insula partly visualized by .separation of the temporal and frontoparietal opercula. Area yielding

inhibition of respiratory movements with arrest in expiration indicated by dots, ai, inferior ramus
of the arcuate sulcus; C, cingulate (limbic) gyrus; cc, corpus callosum; ce, central fissure; ci, cingulate
sulcus; /o, fronto-orbital sulcus; GH, hippocampal gvrus; /.\", insula; los and mos, lateral and medial
olfactory striae; OL, lateral orbital gyrus; olf, olfactory tract; 01', posterior orbital gyrus; or, orbital

sulcus; R, gyrus rectus; rh, rhinal hssure; ro, rostral .sulcus; .S', subcallosal gyrus; TO, olfactory

tubercle. (C) Anteroventrolateral, (D) ventral and (E) medial view of cat brain. Areas yielding

inhibition (dots) and acceleration (-j-) of respiratory movements. In (D) the right olfactory bulb
and tract have been removed in order to visualize the underlying responsive cortex, chiefly the
ventral aspect of the gyrus proreus. cc, corpus callosum; hab, habenula; nu, massa intermedia; S,

septum pellucidum, sm, stria medullaris. [From Kaada (126).]
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region which was found to be continuous with tiie

responsive orbitoinsular field. A more detailed study

of these respiratory inhibitory zones has appeared

(126). The existence of an inhibitory insular (115,

132, 263) and temporal polar (10, 93, 115, 156, 195,

263) field in monkey and man has been confirmed.

In 1945 Smith (238) first reported the respiratory

inhibitory effect exerted by the anterior cingulate

cortex in the monkey. Tower (254), working with

lightly etherized cats, had previously included this

region in her frontal inhibitory field which also com-

prised the entire gyrus proreus. The response from

the anterior cingulate has later been studied in the

cat (10, 59, 107, 113, 126, 240), dog (44, 126, 147,

240), monkey (126, 133, 227, 266) and man (132,

156, 198).

Monkey. In the monkey the iniiibitory area on the

medial surface appears to correspond closely to the

agranular anterior cingulate region (fig. 2B). The
responsive field extends through the subcallosal region

towards the ventromedial edge of the frontal lobe

where it seems to be continuous with the respiratory

inhibitory area of the posterior orbital surface of the

frontal lobe (126, 133). There is an area with optimal

effects in the region surrounding the genu of the

corpus callosum (126).

On the ventral surface the respiratory inhibitory

area (fig. 2B) includes the olfactory tubercle and

approximately the posterior one fourth of the cortex

of the gyrus rectus and the medial, posterior and

lateral orbital gyri. The most sensitive zone is the

olfactory tubercle and the posterior orbital gyrus

rostral to the lateral olfactory stria (area 13) (126,

215). This low-threshold area continues without

interruption into the anterior insula (fig. 2.4, B) (115,

126, 133, 245, 263) with the most pronounced effects

from the limen insulae. Via the 'buried' anterior

upper bank of the sylvian fissure, the responsive

anterior insular area extends (with a higher threshold)

onto the lateral surface of the frontal lobe and in-

cludes a small portion of the lower end of the pre-

central region (126). This portion represents the

area (6B) from which several earlier investigators,

stimulating the dorsolateral frontal surface only, had

noted respiratory inhibition in the monkey (234,

259, 262), chimpanzee (262) and man (38).

In the temporal lobe of the monkey the region

vielding respiratory inhibition (fig. 2) continues

unbroken from the anterior insula onto the anterior

end of the iiippocampal gyrus (uncal region) and the

neighboring cortex of the temporal pole lateral to the

rhinal fissure (area 38 or TG in \on Bonin and Bailey's

terminology) (115, 126, 133). Weak responses in

lightly anesthetized animals have also been obtained

from a narrow strip extending backward along the

rhinal fissure on the ventral surface towards and into

the retrosplenial region (126). This is likely the same

area from which Showers & Crosby (227) recently

obtained respiratory inhibition. The best and most

consistent effects result from stimulation of the medial

and ventral aspects of the temporal tip (126, 263).

According to Poirier & Schulmann (195) the low-

threshold respiratory inhibitory area of the medial

temporal tip extends farther backward along the

hippocampal gyrus and occupies about the medial

third of this gyrus at its caudal extremity. Cytoarchi-

tecturally this latter area approximately corresponds

to the TH field as mapped by von Bonin & Bailey

(260). No effects have been obtained from the dentate

gyrus (195) or hippocampus proper (126, 195, 263).

A much weaker but distinct respiratory inhibitory

field, separated from the responsive insular and

temporal polar areas, has been located in the middle

and posterior portion of the superior temporal con-

volution in lightly anesthetized monkeys (fig. 2A)

(126). The area extends into the 'buried" cortex of

the lower bank of the sylvian fi.ssure.

Respiratory inhibition has also been recorded by

stimulating the uncus through implanted electrodes

in the conscious monkey (166) and from the orbito-

insulotemporal polar region in a conscious infant

chimpanzee ( 126).

The inhibition obtained from all cortical regions

outlined above mainly concerns the active phase of

the respiratory cycle, i.e. inspiration, with the chest

assuming an expiratory position during the period of

apnea (fig. 3). The effect occurs almost instanta-

neously. The respiratory movements cannot be held

in abeyance for more than 25 to 35 sec. despite con-

tinuous stimulation, after which period respiratory

'escape' occurs. Variations in the stimulus parameters

do not alter the character of the response. No fre-

quency-conditioned reversal of the respiratory effects

has been produced from these areas in monkeys (126).

Optimum inhibitory effect is obtained with fre-

quencies of 40 to 60 cps and prolonged pulse durations

of 10 to 20 msec. (126).

Cat and dog. As in the monkeys the optimal inhibi-

tory zone on the medial surface is found just in front

of and below the genu of the corpus callosum (fig.

2E) (107, 113, 126, 240). Weaker effects only are

evoked from the rest of the anterior cingulate and

subcallosal (infralimbic) cortex as depicted by Rose

& Woolsey (fig. yE) (126). The failure of some inves-
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FIG. 3. Inhibition of respira-

tory mo\"cments (second line)

and arterial pressure alterations

' Jirst line) following excitation of

the anterior cingulate cortex in

the monkey. Note opposite arte-

rial pressure effects in A and B.

Ether anesthesia. Time in sec-

onds. [From .Smith (238).]

tigators to obtain respiratory inliibition from several

points in the anterior cingulate area is probably due

to the limited extent of the optimal zone within this

area, a point which has not been seriously considered.

The efTect has also been obtained in unanesthetized

dogs and cats by stimulation through implanted

electrodes (lo, 44, 107, 126).

The basal respiratory inhibitory fields in cats and

dogs occupy part of the orbital gyrus (fig. 2C, D) {21,

51, 54, 108, 126, 199, 215, 234, 240, 241, 257) and also

include the olfactory tubercle (126), the anterior

portion of the pyriform corte.x and the ventral surface

of the proreate gyrus which is largely co\ered by the

olfactory bulb and tract (126). Posteriorly the border

is indistinct and extends into the rostral ends of the

anterior ectosylvian and sylvian gyri. Less intense and

fickle responses have also been obtained backward

along the rhinal fissure onto the tentorial surface of

the hemisphere and into the retrosplenial region ( i 26,

254). As long as the basal respiratory inhibitory

field in the monkey was thought to be restricted to the

posterior orbital gyrus (the insula and temporal lobe

has not yet been studied), the orbital gsrus of cats and

dogs was reasonably considered the homologue of this

gyrus of primates (21, 54, 215). Howes'er, the demon-

stration in the monkey of an uninterrupted orbito-

insulotemporal polar inhibitory field makes it ex-

tremely likely that the responsive cortex of the orbital

surface of cats and dogs corresponds to the orbito-

insulotcmporal polar field of primates (126, p. 84).

A separate, less active respiratory inhibitory field

(apparently the homologue of that found in the

superior temporal gyrus in the monkey) is located in

the anterior sylvian and ectosylvian gyri (fig. 2C')

(126, 254). Complete arrest has only rarely been

obtained from this area, the usual response being a

slowing of the respiratory rate.

The usual t\pe of inhibitory response in cats and

dogs to stimulation of all these areas is similar to that

in monkeys, i.e. arrest in expiration. In the author's

experience it is not possible in these species to oijtain

the prolonged and dramatic inhibition observed in

the monkey; escape usually occurs after only 10 to

20 sec, even with strong stimulation (126, 240). The

optimum stimulus parameters are approximately the

same as in the monkey, i.e. a frequency of 40 to 60

cps and prolonged pulse durations of 6 to 10 msec.

(126, 240). Far more common than in monkeys is a

slowing of the rate w-ithout much change in ampli-

tude, or a combination of slowing and decreased

amplitude (107, 126). Further, stimulation, particu-

larly of the orbital gyrus of the cat and dog, frequently

results in arrest in inspiration irrespective of whether

the stimulus is applied during the inspiratory or

expiratory phase (126, 241). Also on central vagal

stimulation such 'inspiratory effects" are weaker in

monkeys than in dogs, cats and rabbits (276). This

feature therefore possibly denotes a species difference.

The cortical origin of the respiratory effects from

the various parts of the medial and basal zones in the

monkey, cat and dog has been demonstrated {126).

The effects are not due to spread of current to the

dura, blood vessels, cranial nerves or to subcortical

structures (126). Further, the response from a given

area is not initiated by activation of other cortical

areas through corticocortical connections. Thus, for

instance, the effects obtained from the orbital surface

and from the temporal pole in the monkey remain

unaltered after section of the imcinate fasciculus ( 1 26,

133) which is known to connect the two areas recipro-

cally (192, 203). The influence is mediated directly

"downstream' l)y corticosubcortical fibers, outside the

pyramidal tract and the hippocampus-fornix system

(126). The possible subcortical routes are discussed

below.

Man. In man arrest of breathing quite similar to



CINGULATE, POSTERIOR ORBITAL, ANTERIOR INSULAR AND TEMPORAL POLE CORTEX 135'

that recorded in animals has been obtained on stimu-

lating points in the same regions as those outlined

above for the monkey, cat and dog. The responses

have been produced in patients under light pentothal

anesthesia from the anterior cingulate (132, 156, 198,

273) and posterior orbital surface (41, 42, 158) as

well as in the conscious patient from the same areas

and from the anterior insula (132) and the ventro-

medial aspect of the temporal pole, particularly in

the region of the uncus (93, 132, 156). Stimulation of

the lateral surface of the temporal pole in man has

so far not evoked any significant responses. It is possi-

ble that with the great development of the temporal

lobe in man the responsive cortex has been displaced

more ventromedially than in the monkey (132). Pa-

tients are able to overcome partly the respiratory

arrest when asking to count during the stimulation

(132). The cessation of breathing is frequently asso-

ciated with a feeling of tiredness and sleepiness and a

tendency to close the eyes (132) and with impaired

consciousness (132, 156).

ACCELERATION OF RESPIRATORY MOVEMENTS. Accelera-

tion of breathing with increased, unaltered or de-

creased amplitude has been observed on stimulating

the motor cortex of the cat (fig. 2C), dog and monkey

(cf. 126). A second acceleratory area is found in the

anterior ectosylvian and sylvian gyri in the cat (126,

234, 254) and dog (126) (fig. 2C). This area appar-

ently coincides with the second somatosensory field

(126). A third acceleratory zone has been located in

the middle and anterior portion of the cingulate cor-

tex in the dog (126, 147, 240), cat (126) (fig. lE) and

man (198). This acceleratory area appears to be

located posterior to the zone yielding maximum

inhiiiitory effects. In the anesthetized monkey the

acceleratory response from the cingulate is very incon-

sistent, probably due to great susceptibility to anes-

thesia and to interference with the cerebral blood

flow (126). It is readily obtained in unanesthetized

animals (10) and in animals under light chloralose

or chloralose-urethane anesthesia (126, 240); it disap-

pears before the inhibitory effects which are the last

to succumb on deepening the anesthesia (126). Accele-

ration appears to be more readily produced in dogs

than in cats (126, 240) and monkeys (126).

Finally, acceleration of breathing, usually asso-

ciated with a marked decrease in amplitude, has been

recorded on stimulation of the rostral part of the pyri-

form (periamygdaloid) cortex in cats (126, 144), dogs

(126) and monkeys (10, 166) in unanesthetized or

lightly anesthetized (urethane, chloralose-urethane)

preparations. The response can be converted into pure

inhibition by additional administration of barbi-

turates (126). According to Koikegami & Fuse (144)

the effect is mediated through the subjacent lateral

amygdaloid nucleus and thence through the stria

terminalis. As stimulation of all these structures in

unanesthetized animals produces rapid sniffing (128),

manifesting itself inter alia with increased rate and

diminished respiratory amplitude, it is quite possible

that the acceleration of respiration from the peri-

amygdaloid cortex merely represents part of a com-

plex pattern related to olfaction. The same is prob-

ably true of various other types of respiratory effects

which can be produced upon stimulation of the

olfactory pathways (126, p. 57; 241 ).

EFFECTS ON SPONTANEOUS, CORTICALLY AND REFLEXLY

INDUCED MOVEMENTS AND MUSCULAR TONE. In 1 944

Bailey et al. (23) included the anterior cingular

region (area 24) in the so-called cortical 'suppressor'

areas. Previously five such areas (8s, 4s, 3s, 2s and 19s)

had been mapped on the lateral surface of the hemi-

sphere of the monkey and cat [cf. reviews by Kaada

(126, p. 93), Sloan & Jasper (230) and Druckman

(58)]. The motor and electrical responses resulting

from stimulation of these areas have been summarized

as follows (60, 161): a) inhibition of motor after-

discharges elicited by stimulation of any focus in the

sensory-motor cortex, b) relaxation of existing muscu-

lar contractions, c) a rise of threshold and reduction of

the motor response to stimulation of area 4, and d) a

transient diminution of the electrical activity of area

4 (61 ) and of the entire cerebral cortex (81 ).

The two latter effects were characterized by a

remarkably long latency of several minutes whereas

the first two effects occurred rather promptly (82,

161), as did the cessation of spontaneous movements

and the reduction of muscular tone observed by Hines

(no) on stimulating area 4s. Later studies (58, 230)

have revealed that the long-latency motor and elec-

trical responses, which were originally elicited only

from the specific cortical 'suppressor' strips, are most

probably identical with the 'spreading depression'

of Leao (148), a phenomenon which is nonspecific in

the sense that it can be elicited from almost any

portion of the cerebral cortex.

Eliminating the long-latency effects as characteris-

tic responses to excitation of the cortical 'suppressor'

areas, the prompt cessation of motor after-discharges

and relaxation of 'existing muscular contractions'

(including cessation of spontaneous movements) are

the only two of the above-mentioned responses which,

according to the literature, should be common to all

these areas when examined under anesthesia. [For
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these immediate effects the term 'suppression' should

he discarded and the proper term 'inhibition' used

(58, 126).] On the other hand, inhibition of sponta-

neous movements and of motor after-discharges has

also been recorded on stimulation of areas outside

the "suppressor" strips of Dusser de Barenne and Mc-
CuUoch. Thus, Tower in 1936 (254) obtained such

effects l)y stimulation of the frontal, temporal and

occipital respiratory inhibitory fields in cats under

light ether anesthesia. In the monkey, a quieting

effect on spontaneous movements has been produced

from a rather diffuse zone of the lateral surface of the

frontal lobe, comprising chiefly the intermediate

region, areas 8s and 9 (11 i, 126, 172, 173), and from

the junctional region of the parietal and occipital

lobes with the superior gyrus of the temporal lobes

(ill, 126). There was, however, no loss in tone, either

in cats or in monkeys, on stimulation of these areas.

This is important to note because Tower's frontal

field in cats includes the anterior cingulate region,

electrical stimulation of which in monkeys under

Dial anesthesia by Bailey et at. (23) has been said to

pro\oke a "relaxation of existing muscular tension,"

and in the etherized monkey a "pronounced decrease

in the resistance of the nonino\ ing extremity to pas-

sive movements to the point of flaccidity" (238). The
knee jerk was abolished (238). This was confirmed by

Ward (266). These discrepancies were further empha-

sized in the reports by C'lark and associates (44, 45)

who failed to find any evidence of inhibition of muscu-

lar tone by stimulation of the anterior cingulate

cortex in unanesthetized dogs (44) or of the frontal

eye field (area 8s) in unanesthetized monkeys (45).

Kaada (126) has reinvestigated and further analyzed

the influence of the cortical "suppressor" areas, par-

ticularh' the rostral cingulate region, on spontaneous

moxements, posture and tone, cortically induced

movements and spinal reflexes in lightly anesthetized

cats and monkeys. The presence of an orbitoinsulo-

temporal polar field, with quite similar inhibitory

effects on respiratory movements as part of the an-

terior cingulate cortex, prompted the search for the

possible inhibitory influence of this field on the vari-

ous other kinds of somatomotor acti\ ities just men-

tioned. The results may be summarized as follows.

a) Effects on spontaneous movements and muscular tone.

Spontaneous movements occurring under light anes-

thesia such as struggling and shivering and induced

'chloralose jerks,' could readily be inhibited by electri-

cal excitation of all areas exerting an inhibitory

influence on respiratory movements in the monkey,

infant chimpanzee, cat and dog (the dotted areas in

fig. 2.-1 to E). Maximum quieting effect was obtained

from the same two medial and basal fields which

produced the strongest inhibition of respiration—one

around the genu of the corpus callosum on the medial

surface, and a second centering around the olfactory

tubercle in the posterior orbital, anterior insular,

rostral pyriform and adjacent temporal polar cortex

of the monkey and the corresponding areas in the

cat. .Such movements could be held in abeyance,

bilaterally, as long as the stimulus was applied and

were usually resumed within a few seconds after

cessation of stimulation. Inhibition of movements

from these two optimum zones was associated with a

widespread muscular relaxation as judged by the

diminished resistance to passive movements of the

extremities. Pre-existing postures were inhibited. Thus

a rigidly extended or raised arm or leg became

flaccid and slowh dropped; the knee jerk was abol-

ished and the eyelids often closed as when the animal

is going to sleep. The feeling of tiredness and sleepi-

ness and the tendency to close the eyes on stimulation

of the same area in conscious patients should be re-

called (see al)o\e).

From the regions with weaker effects on the respira-

tory movements—such as a great portion of the

anterior cingulate area, the lower part of the subcal-

losal region, the lower precentral region, parts of the

orbitoinsulotemporal field, the retrosplenial region,

and the separate lateral temporal field of monkeys,

cats and dogs—the effect under light anesthesia was

mainlv one of arresting spontaneous random and

rhythmic movements (fig. 45, C) without loss of

muscular tone. The eyes opened and the pupils

dilated slighth', gi\ing the animal an "awaking" type

of response or appearance of attentive repose or

alertness. A similar quieting or "arrest" reaction

without any loss of tone has been obtained by weak

stimulation of these areas through implanted elec-

trodes in unanesthetized cats (118, 119, 126, 130, 131,

232, 269) and also from points within the so-called

cortical "suppressor" areas 8s, 2s, and 19s in lightly

anesthetized cats (fig. 4.4 to C) and the intermediate

zone of the lateral frontal cortex in the monkey (126).

Frequently the inhibition of mo\ements may outlast

the stimulus for some seconds. This prolonged action

is associated with a local electrical after-discharge at

the site of stimulation with no spread into the motor

cortical regions (126, 270).

/)) Inliihition of motor after-discharges evoked by motor

cortex stimulation. Motor after-discharges can be

brought to a fairly abrupt halt or prevented, as shown

in fiijurc 4/), b\- stimulation of the areas in figure 2.I
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FIG. 4. .-I.' Stippled regions represent areas of cat

brain from which inhibition of spontaneous move-

ments, 'chloralose jerks' and motor after-dis-

charges were obtained on stimulation. B. Shiver-

ing {sh) superimposed on 'chloralose jerlvs" of the

left leg elicited by intermittent tactile stimulation.

C: 'Chloralose jerks' only. Weak stimulation of

'area 19s' (a) and the pyriform cortex (A) inhibits

shivering. 'Chloralose jerks' inhibited from the

retrosplenial [e) and subcallosal (/) regions. No
effects on excitation of points (c), (d) and (g) out-

side the stippledfields. D: The left motor corte.x was

stimulated every 15 sec. (60 cps, 4 v., 3 sec.) and

the resulting dorsiflexion of the right ankle (at

arrows) was followed by local motor after-dis-

charges. Inhibition of these after-discharges re-

sults from concurrent stimulation of the orbital

gyrus (h). Motor after-discharges reappear after

end of stimulation. [From Kaada (126).]
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to E and figure 4.-1 found to arrest spontaneous move-

ments and 'chloralose jerks' in anesthetized monkeys

and cats (126). The effects are less marked during

more violent movements. The accompanying electri-

cal after-discharges recorded from the motor cortex

are quite unaffected. The most effecti\e points are

located within the two medial and basal fields

yielding maximum inhibition of muscular tone and

spontaneous movements.

c) Effects on cortically induced mcwements and spinal

reflexes. The most extensive studies dealing with this

topic are those of Hodes et al. {114, 185) on the

cingulate cortex and subcortical structures in cat

and of Kaada (1 26) on the cingulate and orbitoinsulo-

temporal areas in the cat and monkey. Excitation of

the medial and basal areas exerting a bilateral inhibi-

tory effect on spontaneous movements has been shown

to influence single contractions induced by stimula-

tion of the motor cortex and the knee jerk in three

ways: by inhibition (fig. 5/)), facilitation (fig. 5C),

and facilitation changing to inhibition after brief

stimulation (fig. ^E) (126). This inhibition appears

rather promptly, attaining a maximum within a few

seconds, and thus should be clearly distinguished

from the long-latency response identified in the

literature as "suppression of motor response.' All three

types of responses are usually associated with inhibi-

tion of spontaneous movements, including respira-

tion; facilitation also appears with acceleration of

breathing (126).

The areas inhibiting cortically and reflexly induced

movements approximately coincide with those

yielding strongest inhibition of respiratory and other

spontaneous movements and muscle tone, i.e. the

cortex surrounding the genu of the corpus callosum

(114, 126) and the orbitoinsulotemporal polar field

as outlined above (indicated by vertically hatched

areas in fig. 5.-1, B) (126). The third type of response,
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FIG. 5. Areas facilitating {hor-

irjmlal lines) or inhibiting (ver-

tical lines) cortically induced

movements and the knee jerk in

monkey {A) and cat (B). C to F:

Upper tracing, respiratory move-

ments; second tracing, the knee

jerk elicited every 2 sec. in cat.

Time, 10 sec. Respiratory in-

hibition associated with facili-

tation (C), inhibition (D), and
facilitation reversing to inhibi-

tion IF) of the knee jerk on stimu-

lating the orbital gyrus in differ-

ent experiments. D and F:

Stimulation of the central end

of the cut vagus nerve produces

identical effects in the respective

e.xperiments. [From Kaada
(126).]

facilitation reversing to inhihiiion, was obtained from

the same zones (126). The extent of the areas inhib-

iting cortically induced movements was greater than

that reducing the knee jerk (i 14, 126). Facilitation has

usually been obtained from the horizontally hatched

regions in figure 5.-!, B outside these "inhibitory' areas,

i.e. from the regions producing the "awakening" or

'arousal' type of response in imanesthetized and

lightly anesthetized animals, while occasionally facili-

tation (particularly of cortically induced movements)

also occurred, in quite an unpredictable manner, on

stimulation of the medial and basal 'inhibitory' zones

(126). The increase of the knee jerk was inconsistent

and usually less marked than the facilitation of

cortically induced movements. Thus, there were a

number of cortical points, particularly in the anterior
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cingulate region, which facilitated cortically initiated

mosements witliout influencing the knee jerk ( 1 26,

185). Facilitatory responses appear to be favored by

chloralose and may at times lie converted to inhibi-

tion by additional administration of barbiturates

(126). No re\ersal of the effects has been obtained by

\arying the stimulus characteristics (126). Both facili-

tation and inhibition are independent of accom-

panying respiratory or arterial pressure alterations

(126). They are exerted upon flexor and extensor

moveinents indiscriminately {58, 126) and in a non-

somatotopic manner (126). The effects are present

also in mono- and polysynaptic reflex discharges of

the ventral spinal roots (126). Like most other central

motor areas the medial and basal inhibitory and

facilitatory zones influence the intrafusal fibers of the

muscle spindles through the small-sized 7-motoneu-

rons prior to their effect on the large-sized a-moto-

neurons of the ventral horn (94).

Regarding the site of the facilitatory and inhibitory

action, both may he produced in the absence of any

alteration of the electrical acti\ity in the motor cortex

(58, 126, 232) or after removal of the cortical sensory-

motor areas (126, 232). However, besides acting

directly 'downstreain,' facilitation of cortically in-

duced movements may also be obtained at a cortical

lev^l, dependent on corticocortical connections (126,

232).

The similarity of the inhibition of somatomotor ac-

tivities obtained from the most sensitive two medial

and basal cortical zones herein discussed to that

produced by stimulation of the central end of the

cut vagi (as shown in fig. 5Z), F) has been emphasized

(126, p. 137). The orbital surface of cats and monkeys

has been considered as a sensory-motor vagus repre-

sentation; excitation of the vagus nerve may influence

the electrical activity in this cortical area (18, 55, 56,

116), and various autonomic responses, such as alter-

ations in arterial pressure and gastrointestinal motility,

apparently similar in every respect to those obtained

by direct central and peripheral vagus stimulation,

can be provoked from this cortical field (see below). It

is believed (126, p. 137) that the inhibition of somato-

motor activities produced from the orbital surface

merely represents one of the many "vagal' activities

which this region seems to display. Afferent impulses

in the vagi and descending impulses from the cortical

vagus motor field apparently act upon the same brain-

stem mechanism producing similar visceromotor and

somatomotor responses. The demonstration of identi-

cal autonomic and inhibitory somatomotor effects

from the anterior insula and temporal pole in monkeys

has suggested that the cortical vagus representation

also extends into these zones and, further, that a

'second" vagus representation resides in the genual

portion of the anterior cingulate cortex (126). Re-

garding the proposed second vagal representation in

the latter area, it is relevant to recall the recent

demonstration of an afferent x'agal projection to the

pre- and subgenual portion of the anterior cingulate

area (55, 56, 116). This ascending path courses

through the anterior hypothalamic, preoptic and

septal areas, as does possibly the descending path

mediating the "vagal' visceral and the somatic inhibi-

tory effects from the same cortical zone (cf. below).

The type of response consisting in facilitation of

cortically and reflexly induced movements—asso-

ciated with inhibition of respiration, other sponta-

neous mo\ements (as shown in fig. 5C), and motor

after-discharges—is quite similar to that induced from

parts of the thalamic reticular system (13, 117, 120;

126, p. 158). It seems likely that both quieting of

prestimulatory spontaneous inovements and the facili-

tation represent integrated parts of the complex

"awakening," 'arousal' or "attention" response which

can be produced on high-frequency stimulation of

these cortical and thalamic areas in unanesthetized

animals. The "arousal' seen in the electrocorticogram

and the pupillodilation on stimulating the same areas

provide further support for this assumption. The
brain-stem activating system can be influenced not

only by peripheral ascending impulses, as first demon-

strated by Moruzzi & Magoun (182), but also by

corticofugal impulses from these medial and basal

areas of the forebrain (70; 126, p. 240). These areas

appear to share this "arousal" function with the lateral

frontal, occipital and temporal fields, stimulation of

which has been shown to exert a similar quieting effect

on spontaneous movements (figs. 2, 4.4). There seems

to be a close coincidence between these areas and those

recently shown to project into the brain-stem reticular

system (70). The same areas also cause a similar

'arousal' of the electrocortical activity (126, 225;

Kaada & Johannessen, unpublished observations)

and of the behavior of the nonanesthetized animal by

stimulation through implanted electrodes (118, 119,

130, 131, 223; Fangel & Kaada, unpublished observa-

tions).

The apparently contradictory results reported by

various authors regarding the "suppression" of motor

responses on anterior cingulate stimulation are pos-

sibly due to the fact that various overlapping portions

inside this area subserve different functions and there-

fore respond differently. One portion appears to be
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related to "vagar activities and iiiliibits cortically

and reflexly induced movements; another portion

seems to be related to the 'arousal' mechanism and

facilitates cortically initiated movements. Arrest of

prestimulatory somatic movements is common to the

two different patterns of activity and may possibly

have a different functional significance in the two

patterns. The cortically induced 'arousal' appears to

be rather sensitive to anesthesia (126, 225; Fangel &
Kaada and Kaada & Johannessen, unpublished

observations) and thus it may be that stimulation of

a given point may facilitate a cortically induced

movement in the unanesthetized or lightly anes-

thetized animal, whereas the same stimulation may
cause inhibition after the 'arousal' paths have been

blocked by anesthesia. Inhibition from the anterior

cingulate and orbitoinsulotemporal 'vagal' zones

may persist into the deepest stages of anesthesia (126).

The conversion of respiratory acceleration to inhibi-

tion by administration of barbiturates, mentioned

previously, and the reversal of arterial pressure re-

sponse from decrease to increase after vagotomy (240)

may possibly be similarly explained.

The inhibition of respiratory and other spontaneous

movements and of muscular tension by excitation of

the olfactory pathways in the uncal region are pos-

sibly related to the sense of smell as inhalation of

various vapors and irritants may cause a similar

profound inhibition of movements and muscular tone

{6, II, 67).

The possible corticosubcortical routes mediating

the inhibitory (including respiratory) and facilitatory

somatic effects evoked from these cortical zones have

been discussed in detail elsewhere (126, pp. 146-160).

Although not yet proved, there is some experimental

evidence for a hypothalamic route (possibly through

the ventromedial hypothalamic nucleus) for the

inhibitory influences from the medial and basal

'vagal' cortical zones yielding optimum inhibitory

effects. This nucleus appears to represent a focal area

for a number of fiber systems concerned with the

control of autonomic functions (46) and with inhibi-

tory effects on somatomotor activities (126, p. 153).

Direct stimulation of the ventromedial nucleus pro-

duces a strong inhibitory influence on spontaneous,

reflexly and cortically induced movements (13) as

does stimulation of the anatomically demonstrated

projections to this nucleus from the posterior orbital

surface via the preoptic region and medial forebrain

bundle (46, 215), from the olfactory tubercle (49),

from the pyriform cortex via the amygdala (126, 144)

and stria terminalis (13, 126, 144), and hom (he

anterior cingulate and subcallosal cortex via the

.septal and preoptic areas (13, 91, loi, 102, 135, 170,

265). The recent studies by Turner (256), concerning

the respiratory inhibitory path from the posterior

orbital surface, and by Hodes et al. (114), concerning

the path for bilateral inhibition of the knee jerk from

the rostral portion of the anterior cingulate cortex,

are consistent with this assumption. More caudally

the respiratory inhibitory effects from the orbital

cortex are carried downward, possibly by a bifid

pathway, to the reticulum of the pontine brain stem

outside the caudate nucleus (256). According to

Poirier & Schulmann (195) the respiratory (and

arterial pressure) effects evoked from the temporal

pole are dependent on a path coursing ventrolateral

to the optic tract towards the pulvinar.

The weaker inhibitory effects on respiratory and

other spontaneous somatic movements (associated

with the 'arousal' response, without loss of muscular

tone) obtained from the more extensive medial and

orbitoinsulotemporal zones are possibly mediated via

the thalamic and brain-stem reticular system (118,

1 19, 126). The same appears to be true of the bilateral

facilitatory effects on corticallv induced movements

(126, p. 156; 185).

TONIC .-"iND CLONIC MOVEMENTS. Slow tonic movements

of the limbs, trunk and neck, mostly extensor and con-

traversive in type, ha\e been observed by various

investigators on stimulating the anterior cingulate

(126, 147, 232, 266), subcallosal (126), posterior

orbital (126, 215), anterior insular and temporal polar

cortex (73, 126, 133) in anesthetized animals. .Showers

& Crosby (227) describe a pattern of somatotopic

movements obtained by stimulation of the anterior

cingulate region which may be elicited in a reversed

order from the stimulation of the posterior cingulate

region. The elicitation of such movements requires a

light level of anesthesia and they most likely represent

fragments of the more complex movement patterns

seen on stimulating the same areas in nonanesthetized

animals (103, 118, 119, 126, 130, 131, 232). The
movements may be induced after bilateral ablation

of the motor areas (126, 232) and cannot be attributed

to either spread of current or reaction to pain (215).

Twitching of the facial musculature and, occa-

sionally, jerkv movements of the neck and shoulders

have been observed on stimulation of the anterior

cingulate (126, 153, 232) and anterior pyriform cortex

and the amygdala (25, 126, 246, 258).

Tonic contraversive turning of the head and usually

also of the eyes is frequently seen in temporal lolje
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seizures and is of special diagnostic importance, as it is

often the only clinical manifestation to indicate the

side of the lesion (169). In the unanesthetized, freely

moving cat a similar immediate tonic contraversion

can be induced from the periamygdaloid cortex and

parts of the subjacent amygdala (83, 87, 126, 12B,

166, 258). This tonic contraversion is not to be mis-

taken for the contraversive searching movements seen

in the "arousal' response. It appears likely that tonic

contraversion in most, if not all, temporal lobe seizures

is due to the involvement of these structures in the

epileptic discharge. The same applies to the general

rigidity and tonic extension of one or both contra-

lateral limbs, the twitching of the face (usually ipsi-

lateral) and the slow jerking moxemcnts of the limbs

frequently encountered in temporal lobe seizures

(25, 127, 258).

VOCALIZATION, CHEWING, LICKING AND SWALLOWING

MOVEMENTS. Vocalization resembling the sounds

which a monkey daily emits has been produced b\'

Smith by stimulation of the anterior portion of the

cingulate (235, 238) and hippocampal gyri (237).

This has been confirmed in the monkey (fig. 6A)

(126, 227, 232) and dog (44, 147). Ward (266), how-

ever, failed to obtain vocalization in monkeys and no

such responses have been obtained in cats. EEG
records taken during vocalization (232) showed no

change as might be expected if vocalization had been

a reaction to a painful stimulus. The response dis-

appears after deepening the anesthesia and after local

application of novocaine to the site of stiinulation,

and it persists after bilateral ablation of the cortical

areas for vocalization in the lower precentral region

(126).

According to Kaada (126) and Sloan & Kaada

(232), vocalization can be elicited from the medial

surface only in an area limited to the forward upper

portion of the anterior cingulate region and to the

banks of the cingulate sulcus (fig. 6,4). In man, similar

vocalization has been e\oked by stimulation of the

'supplementary motor area' above this sulcus (33, 1
90)

.

The possibility that the zone yielding vocalization in

monkeys represents the homologue of the 'supplemen-

tary motor area' of man should be considered (232).

Rhythmic well-coordinated chewing movements

have been produced from the rostral pyriform cortex

and amygdala in monkeys (126, 166) (fig. 6.-1), cats

and dogs (126, 207, 246). This mastication usually

occurs after a surprisingly long latency of some 10 to

15 .sec. (126, 128) which is also characteristic of

mastication in temporal lobe seizures (i6g, 187, 188).

FIG. 6. Ventromedial views of the right hemisplieie o(

Macaca mulalla. A: Points from which vocalization iV) and

mastication (encircled Al) were produced by electrical stimula-

tion. K Points from which a rise ( | ) or drop ( J, ) in arterial

pressure, salivation (S) or piloerection (*) were obtained.

The two zones encircled by dotted lines indicate areas from which

alteration in pyloric antral contractions was obtained by

stimulation. [From Kaada (126).]

Swallowing and licking mo\ements and retching

have been elicited from the saine areas as well as

from the olfactory tubercle (126, 207). These responses

are all independent of the precentral motor cortex

(126) and fornix (246). The masticatory response

pos.sibly is mediated froin the pyriform cortex via the

amygdala and stria terminalis (126).

Aiildinimic Rt'sponses

CARDIOVASCULAR ALTERATIONS. It is a wcll-established

fact that the cardiovascular system can be influenced

from the motor and premotor and other cortical

areas outside those treated in this chapter [cf. Kaada

(126)]. Spencer (241) was the first to report arterial
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pressure alterations on excitation of the orbital surface

of the frontal lobe. Smith (237, 238) evoked similar

responses from the rostral portions of the cingulate

and hippocampal gyri and Kaada et al. (133) from

the anterior insular and temporal polar cortex in

monkeys. These findings have been confirmed and

further analyzed in various species of animals. Rises

as well as falls in arterial pressure have been recorded

in the cat, dog and monkey on stimulating the ante-

rior cingulate cortex (10, 107, 126, 133, 147, 238-

240), the orbital surface (21, 54, 107, 126, 133, 159,

215, 240, 241), the anterior insula (i 15, 126, 133), the

rostral pyriform (10, 126, 133, 146, 195, 237, 239,

263) and adjacent temporal polar cortex (10, 126,

133, 195, 263). Similar effects have been obtained in

man from the anterior cingulate (198), posterior

orbital surface {41, 42, 158) and temporal pole (40,

42).

The two most sensitive regions on the medial and

basal surfaces appear to coincide with the optimum
zones for inhibition of respiratory movements and

gastric motility in the monkey (the areas encircled

by broken lines in fig. 65), dog and cat. According to

Poirier & Schulmann (195) the low-threshold cardio-

vascular temporal zone extends farther backward

than indicated on figure 65 and includes about one

third of the medioventral portion of the hippocampal

gyrus. In the cat and dog the most sensitive spots are

similarly found in the pre- and subgenual region and

in the orbital and adjacent rostral pyriform cortex

and olfactory tubercle.

Most authors have reported a fall in pressure as the

most frequent response from these two zones in the

various animals and under a variety of anesthetics.

The fall may amount to 1 5 to 30 mm Hg, or even up
to 60 mm (126, 240, 263). It occurs almost instan-

taneously (fig. 3^) and may or may not be associated

with a slowing of the pulse rate. The initial decline

may be followed by a secondary small rise above

normal. Initial arterial pressure elevations rarely

exceed 40 mm Hg and occur after a latency of 2 to

8 sec. (fig. 3/I). From the temporal pole rather pro-

longed arterial pressure alterations mav be induced

(263).

The character of the response seems to depend on

several factors, a) The site of stimulation may be criti-

cal. Pressor and depressor points have been located

only a few millimeters apart. However, usually one

type of response predominates from all points within

a given area under the same experimental conditions.

In the same animal the orbital surface and olfactory

tubercle mav yield opposite effects (215) and the same

may be true when comparing the posterior orbital

surface and the temporal pole (263). b) The level and

type of anesthesia are important. Deepening the anes-

thesia sometimes seems to favor depressor responses

(126); further, under curare (215), light ether (10,

241), pentobarbital (21) or thiopental (42, 158)

anesthesia, pressor responses predominate on stimu-

lation of the orbital surface whereas depressor effects

are usually encountered under diallyl barbituric acid

(Dial) anesthesia (54, 215). c) Occasionally a fre-

Cjuency-conditioned reversal of the arterial pressure

effect has been observed (126, 215), but as a rule the

direction of the change is independent of the stimulus

frequency; both falls and rises may be obtained over

a wide frequency' range, with only the degree of the

response varying (usually optimum at 30 to 60 cps

and prolonged pulse durations of 10 to 20 msec).

d) Stimulus strength alterations may also yield re-

versals. Hess et al. (107) obtained arterial pressure fall

and respiratory inhibition on weak stimulation of the

anterior cingulate cortex in cats, whereas stronger

stimulation yielded the reverse, e) Animals of different

species may react differently. Rises in arterial pressure

induced from the orbital surface in animals anes-

thetized with diallyl barbituric acid seem to be more

readily obtained in the monkey than in the cat (215,

241).

The arterial pressure effects are not secondary to

the a.ssociated respiratory changes (42, 126, 215, 238),

and there is no constant relationship between the

direction of the respiratory and arterial pressure

responses (126, 215, 23B). Section of the trigeminal

nerves does not alter the arterial pressure responses

from the cortical areas concerned (115, 126). Bilateral

vagotomy abolishes or greatly reduces the depressor

responses from the anterior cingulate (126, 238, 240),

the orbitoinsular cortex (126) and temporal pole

(126, 237). On the other hand, the pressor responses

persist after vagotomy (16, 126, 240). Since some fall

in arterial pressure still may be obtained after bilateral

vagotomy (115, 126, 215), a dilatation of the periph-

eral JDlood vessels through some extravagal route must

also be assumed to occur. Peripheral effects have been

observed by Delgado & Lixingston (54) who recorded

a marked rise in the skin temperature of the limbs on

excitation of the posterior orbital surface in monkeys.

According to Sachs ft al. (215) arterial pressure

changes (and respiratory arrest) produced from the

same area persist after bilateral cer\'ical vagotomy,

splanchnicectomy and adrenalectomy, and after

destruction of the liypothalamic paraventricular

nuclei. Piiysostismine prolongs the cardiac inhibition
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from the anterior cingulate and pyriform cortex

(238, 239),

Little is known regarding the descending pathways

mediating the arterial pressure effects to the cardio-

vascular centers of the lower brain stem. A drop in

arterial pressure has been obtained from a zone

extending from the genual portion of the anterior

cingulate cortex and through the septal, preoptic,

hypothalamic and mesencephalic areas (102, 136).

This "path" appears to coincide closely with that yield-

ing inhiljition of cortically and reflexly induced move-

ments and respiration (discussed above). According

to Wall & Davis (263) the anterior cingulate cortex

may possibly influence arterial pressure b)' a mech-

anism dependent on the anterior temporal lobe.

Bilateral hypothalamic lesions may abolish the arte-

rial pressure response from the orbitoinsular cortex

without influencing the respiratory response (263).

Lund (160) has traced a pressor zone from the base

of the forebrain to the septum pellucidum. Arterial

pressure effects evoked by stimulation of the temporal

pole are possibly mediated via a bundle of fibers

which travel with the temporopontine tract to the

tegmentum and pons (263) or to the pulvinar {195).

Section of the fornix (126) and pyramidal tract (263)

leave the arterial pressure responses induced from the

medial and basal cortical areas unaltered.

GASTRIC MOTILITY. On the lateral surface of the cere-

bral hemisphere two areas with influence on gastro-

intestinal motility have been located, one in the inter-

mediate frontal cortex and a second in the parietal

lobe. [These have been considered in previous reviews

(16, 55, 63, 83, 126).]

In 1940 Bailey & Sweet (21 ) recorded a fall in tone

of the stomach wall on stimulation of the posterior

orbital surface of the frontal lobe of monkeys and of

the orbital gyrus of cats. The gastric influence of this

area was subsequently studied by Babkin et al. (14-16)

in the dog, !)y Eliasson (63) in the cat, and by Kaada

(126) and Hoffman & Rasmussen (115) in the mon-
key. In the latter species alteration in pyloric antral

contractions also was obtained by stimulation of the

anterior insula, the olfactory tubercle and the tip of

the temporal lobe, i.e. the basal continuous cortical

zone yielding optimum inhibition of respiratory and

other somatomotor activities and arterial pressure

changes (the lower encircled area in fig. 65). This

finding emphasizes further the homology between the

cortex of the orbital gyrus of cats and dogs and the

orbitoinsulotemporal cortex in the monkey (see

above).

From the medial surface gastric motility can be

influenced by stimulation of the anterior cingulate

region in dog (14, 16), cat (63) and monkey (126).

In the dog and cat the responsive region is confined to

a rather small area in the pre- and subcallosal portion

of the anterior cingulate cortex; the corresponding

area in the monkey is indicated in figure 6fi.

Only inhibition of pyloric peristalsis has been ob-

tained in all species of animals froin the anterior

cingulate cortex. In the cat this inhibition may be

associated with a moderate augmentation of the

fundic motility (63). Optimum stimulus parameters

are frequencies of 30 to 60 cps and prolonged dura-

tions of 10 to 20 msec, for all species of animals.

Stimulation of the anterior cingulate cortex in humans
may be associated with plainly audible borborygmi

and violent pas.sage of gas by rectum (197). The effects

obtained from the orbitoinsulotemporal polar cortex

are essentially similar to those evoked from the ante-

rior cingulate except that no augmentation of fundic

motility has been reported on stimulating the former

area. Further, increase of the stimulus frequency

shortens the latency of the orbital response, while it

influences only the degree of the effect produced by

cingulate stimulation (15).

Occasionally some augmentation of pyloric peris-

taltic contractions has been observed in dogs (15) and

monkeys (126) on stimulation of the orbitoinsulo-

teinporal polar field. This effect may possibly have

been caused by spread of excitation to the neighboring

olfactory pathways (the olfactory bulb and tract,

rostral pyriform cortex), stimulation of which, accord-

ing to Eliasson (63), results in strong contractions and

increased peristalsis of the stomach.

The induced alterations in gastric motility are not

caused by concomitant changes in respiratory move-

ments or arterial blood pressure (14-16, 63, 126). The
anesthetic commonly used by all observers has been

chloralose, either alone or in combination with ure-

thane or barbiturates. The effects are similar under

barbiturates or ether alone (16, 126). Chloralose

appears to augment gastric motility by stimulating

the vagal centers in the lower brain stem (14). This

may account for the difficulties of some observers in

obtaining increased contractions by cortical stimula-

tion, as the experiments may have been performed

under conditions of maximal motility.

Bilateral cervical vagotomy eliminates the gastric

effects evoked from the anterior cingulate (14, 16, 63,

126) and orbitoinsulotemporal polar fields (14, 16,

63, 1 15, 126), while section of the splanchnic (14, 63,

126) or trigeminal (115) nerves leaves the responses
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intact. Atropine abolishes the cortically induced

responses (63). These observations support the sup-

position of a dual vagal representation on the medial

and liasal aspects of the cerebral hemisphere (cf

above). Each of the two areas may exert its influence

on gastric motility in the aijsence of the other (14,

63, 126). Cholinergic fiijers running in the splanchnic

nerves are responsible for the increase of gastric

motility evoked by stimulation of the olfactory path-

ways (63).

The available data give no definite answer to the

question whether the responsive cortical fields act

directly on the dorsal motor nucleus of the vagus in

the medulla oblongata or whether the impulses are

transmitted through some intermediate station.

Eliasson (63) has traced a pathway mediating the

augmentatory effects from the olfactory bulb and

tract and pyriform cortex through the amygdaloid

nuclear complex. The fibers mediating the effects

from the orbital surface pass, according to the same

author, caudally and medially through the internal

capsule below the anterior commissure. A discrete

pathway has further been traced from the anterior

cingulate cortex to the vicinity of the anterior com-

missure (63). It appears that these paths from the

orbital and anterior cingulate areas coincide with

those mediating the cardiovascular and somatomotor

inhibitory effects from the same areas through the

hypothalamus (cf. above). The excitatory effects on

the fundus of the stomach evoked from the rostral

cingulate region are possibly mediated via the respon-

sive area of the motor cortex as they are abolished by

aislation and facilitated by strychninization of this

area (63).

The general subject of nervous control of digestive

processes is considered by Eliasson in C:hapter XL\'
of this Handbook.

PUPILLARY RESPONSES. Pupillary dilatation, usually

of a slight degree and associated with opening of the

eyes, may, according to Kaada (126), be obtained

from all cortical regions yielding inhibition of respira-

tory and other spontaneous somatomotor movements

in monkeys (fig. 2A, B), cats (fig. 2C to E) and dogs.

These rather extensive zones correspond well with the

pupillomotor areas outlined in cats by Hodes &
Magoun (113). On the medial surface an optimal

zone has been found in the precallosal part of the

cingulate gyrus of the cat (229). Pupillary dilatation

was also observed by Smith (238), Ward (260) and

Showers & Crosby (227) on stimulating the rostral

cingulate cortex, by Showers' & Crosby (227) from

the posterior cingulate cortex, and by Sachs et al. (215)

from the posterior oriiital gyrus in the monkey. The
response has been said to be due to oculomotor inhibi-

tion (113), or sympathetic excitation (266), or both

(229).

Points yielding pupillodilatation were traced

caudally by Hodes & Magoun (112, 113) in an unin-

terrupted column from the medial and ventral cortical

zones through the basal telencephalon to the hypo-

thalamus. In addition the septum, the mid-line group

of thalamic nuclei, the subthalamus and a large part

of the midbrain were found to yield similar responses.

The functional significance of the pupillodilatation

evoked from these widespread cortical areas is ob-

scure. It possibly represents an integrated pari of the

complex 'arousal" respon.se which in the unanesthe-

tized animal can be produced from the same cortical

areas and which always is associated witli some

pupillodilatation and opening of the eyes.

Pupilloconstriction has been obtained in cats by

stimulation of a narrow zone, 2 to 3 mm ijroad, imme-
diately surrounding the genu of the corpus callosum

(113, 126). At the thalamic and hypothalamic levels

constriction of the pupils as a result of stimulation

has, according to Hess (106), been obsersed only in

association with drowsiness or sleep and with ady-

namia. Since the portion of the cingulate cortex

yielding pupilloconstriction appears approximately

to coincide with the optimum zone yielding sleep-like

reactions with inhibition of somatomotor activities

and autonomic "vagal" responses (cf. ai30\e), it may
l)e that this cortically induced pupilloconstriction

has a functional significance similar to that of the

hypnogenic-adynamic areas of the rostral lirain stem.

OTHER .\UTo.\OMic RESPONSES. PiloeiTction has been

induced h\ stimulation of the anterior cingulate

(126, 227, 238, 266) and olfactory tuisercle (126) in

monkeys but no such effect has been seen in cats as a

result of cortical stimulation (113, 126).

Salivation has been produced on stimulation of the

cingulate cortex (227), the olfactory tubercle and

pyriform cortex (126, 207) and the adjacent poste-

rior orbital and anterior insular regions (fig. &B)

(126). Edinger's (62) suggestion that the olfactory

tuljercle is eii} Centrum des Oralsinnes should be borne

in mind.

Bladder contraction has been observed on stimula-

tion of the posterior portion of the cingulate cortex in

dogs (147) and of the pyriform area in monkeys (126,

239), cats and dogs (126). Henneman (98) recorded

both contraction and relaxation of the bladder from

these areas in cats.

Defecation has occasionalh' resulted from excita-
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tion of the posterior part of the pyriform cortex in

cats, dogs and monkeys (126). The descending paths

mediating these effects from the pyriform area possibly

course via the amygdala and stria terminalis (126).

For furtlier details concerning the \arious auto-

nomic effects evoked from these areas the reader is

referred to the reviews by Gastaut (83) and Kaada

(126).

Behavioral Responses

A behavior change termed "arrest reaction" (126,

232), 'searching,' 'attention' (!i8, 119, 130, 131) or

'arousal' (223) can be elicited on stimulation of the

regions indicated in figure "jD on the medial surface

of the hemisphere in freely inox ing unanesthetized

animals. The responsi\e sites are located mainly

within the medial orbitofrontal cortex and the cingu-

late gsrus, including the anterior and posterior cingu-

late areas and the retrosplenial region. Finally, some

points are found within the medial portion of the

hippocampal gyrus, including the temporal pole

(131) and in the orbital gyrus (126). The response

shown in figure 7.4 and 5 is a rather typical one.

Immediately at the onset of stimulation all spontane-

FiG. 7. A and B: 'Attention" or 'arousal,' raising of head, pricking of ears and searching move-

ments to the right side caused by stimulating at point indicated by arrow (C) in the left retrosplenial

region. [From Kaada et al. (131).] D: Medial aspect of cat hemisphere indicating points (squares)

from which the 'attention' or 'arousal" reaction was obtained; no such responses from points marked

by dnis. E: .\real subdivision of the medial surface, mainly according to Rose & W'oolsey (209).

Origin and course of the fibers of the cingulum bundle is according to current concept. [From

Kaada el al. (131) and Jansen cl al. (119).]
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ous occupation sucli as walking or lictcing ceases; the

facial expression changes to one of 'attention" or

'arousal,' perhaps associated with some surprise,

bewUderment or anxiety; the animal raises its head,

the eyes open and the pupils dilate; there are slight

pricking movements of the ears and quick anxious

glancing movements of the eyes and head, usually to

the contralateral side. This searching may result in

circling movements to the side opposite that stimu-

lated. The animals appear to be alert during the

stimulation and respond adequately to various types

of external stimuli. However, the reaction to such

stimuli frequently seems to be decreased, the animal's

attention apparently being fixed on 'something else.'

It seems likely that the contraversive movements of

the head and deviation of the eyes, both with a sur-

prisingly long latency, observed by Hess (103) on

excitation of the anterior part of the cingulate and of

the medial orbitofrontal cortex, represent part of the

same phenomenon. Similar behavioral arousal has

recently been obtained in the monkey on stimulation

of points in the anterior cingulate and temporal polar

cortex (223). Responsive sites were also located in the

superior gyrus of the temporal lobe, the orbital sur-

face, the intermediate frontal cortex (frontal eye-field),

parts of the sensorimotor cortex and the paraoccipital

region.

It is of considerable interest that all these points

from which behavioral 'arousal' has been induced in

the awake cat and monkey appear to be situated

within the regions shown in the anesthetized animal

to exert an inhibitorv influence on spontaneous move-

ments (cf. above). The initial arrest of prestimulatory

somatic activities with cessation of all movements in

execution without any loss of muscular tone consti-

tutes a most conspicuous feature of the 'searching' or

'arousal' response. Also, other isolated phenomena

which have been recorded in the anesthetized animals,

such as the pupillodilatation, the arterial pressure

rise and the facilitation of cortically induced move-

ments, possibly represent fragments of the total com-

plex 'arousal' response seen in the freely mo\ing

animal.

At subcortical levels apparently similar behavioral

arousal has been produced from part of the amygdala

(86, 87, 128, 129, 166), the hippocampus (12, 130,

131, 166), the perifornical and posterior hypothalamic

regions (104, 105), the dorsomedial and anterior

thalamic nuclei, the intralaminar nuclei of the thal-

amus (5) and from other parts of the brain-stem

reticular system (223). The behavioral arousal evoked

from the inedial orbitofrontal and cingulate cortex

persists after bilateral destruction of the cingulum

bundle, hippocampus, habenulae, striae medullaris

thalami, amygdala and a number of the other brain-

stem nuclei. It is abolished following lesions of the

anterior basal part of the internal capsule and of por-

tions of the intralaminar nuclei, suggesting the in-

volvement of the thalamic reticular system in the

cortically induced arousal (119). Physiological and

anatomical evidence for an intimate relationship

between the cingulate, subcallosal and orbitoinsulo-

temporal polar cortex and the thalamic reticular and

the brain-stem activating system has been given in

several studies (70, 95; 126, pp. 156 and 238; 200,

210, 231).

Reactions of fear have been produced in man on

stimulating the anterior temporal cortex, particu-

larly along the anteromedial portion of the first

temporal convolution and periamygdaloid region

(187). In animals fear and rage reactions, not un-

common manifestations of temporal lobe seizures (65,

84, 187, 188, 271), have been elicited from the amyg-

dala (86, 129, 134, 166). According to Gastaut et at.

(83, 86) fear reactions merge into rage on increasing

the stimulus strength. However, the recent study by

Ursin and Kaada (257a) indicates that the two

phenomena in cats may be induced independently

of each other from two separate, partly overlapping

zones within the amygdala and not from the peri-

amygdaloid cortex itself. It seeins likely that in

epileptics a discharging lesion in the anterior temporal

cortex may cause these symptoms by spread to the

amygdala through the rich connections known to exist

between the two structures. Also, the behavior autont-

atism (with unresponsiveness, confusion, masticatory

movements, and inappropriate but often elaborate

behavior and amnesia) which has been reproduced in

epileptics on stimulating points centering in the peri-

amygdaloid region (65, 66, 123, 169, 187) is possibly

caused by spread of the abnormal discharges through

the amygdala or the hippocampus to the brain stem.

(This matter is considered in the succeeding chapters

on the hippocampus and amygdala in this Handbook.)

Effects on Etcctrocortical Activity

The spontaneous electrical activity recorded from

the cingulate and orbitoinsulotemporal polar cortex

in the awake or anesthetized animal does not differ

essentially from that recorded from neocortical areas,

except that no intermittent 'barbiturate spindles' at

a frequency of 6 to 12 per sec. are present in the pyri-

form cortex (99, 126).
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Since 1950 several papers dealing with the effects of

stimulation of these medial and basal cortical regions

on the electrocorticogram have appeared. These

effects are all apparent immediately at the end of

stimulation. This is in contrast to the so-called "sup-

pression of electrical activity' with a latency of several

minutes {61). As already discussed, the latter has been

demonstrated to be identical with the nonspecific

phenomenon of "spreading depression' which is not

related to any particular cortical area (58, 230).

The various types of immediate responses obtained

will now be described.

'activation" or "arousal' RESPONSE. As first reported

by Sloan & Jasper in 1950 (231), high-frequency

electrical stimulation of the anterior cingulate corte.x

in cats anesthetized with diallyl barbituric acid may
produce a 'desynchronization' of the electrocortical

activity of all cortical regions similar to the EEG
arousal following stimulation of the brain-stem reticu-

lar system and peripheral sensory nerves. The most

prominent feature of the response is the disappearance

of the intermittent 6-to-i2-per-sec. bursts or spindles

and their replacement by a high-frequency low-volt-

age activity. The same effects were elicited by Kaada
(126) on exciting the anterior cingulate, subcallosal,

orbitoinsulotemporal polar cortex, the olfactorv path-

ways and amygdala in cats, monkeys and chimpanzee

(the dotted areas shown in fig. 2). A typical example

is given in figure 8. In nonanesthetized animals the

EEG responses from these areas appear to be allied

to the behavioral arousal induced from the same
regions (134; Fangel & Kaada and Kaada & Jo-

hannessen, unpublished observations). These findings

have recently been confirmed in the monkey (225)

and, for the anterior cingulate, in man (233). The
same type of EEG response has also been elicited

from the cortical regions on the lateral aspect of the

hemisphere stimulation of which causes, as described

above, similar behavioral arousal in unanesthetized

Before

(5) Before

6 V('^^^v'^/<V'^,%V'M^^^'<

(Bj2 sec ofter stim. of orbital gyrus ill

(£)2 sec. offer stim of lateroi gyrus (n)

f/

(c)25 sec. oflcr stim

FIG. 8. Generalized 'arousal' of the EEG on stimulation of the left orbital gyrus of the cat for

3 sec. (at arrow I). A: Control. B: Disappearance of intermittent burst potentials with increased

frequency of cortical potentials. C: Return to normal after 25 sec. D and E.- Stimulation of the

left lateral gyrus at arrow II with the same stimulus parameters failed to produce any effect at the

six cortical electrodes. [From Kaada (126).]
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animals, namely the intermediate frontal cortex, parts

of the sensory-motor cortex, superior temporal gyrus

and paraoccipital region (225). The cortical points

from which Bremer & Terzuolo {31, 32) evoked

identical EEG eflfects appear likewise to be located

within these zones. The cortically induced EEG
arousal is readily blocked by anesthetic agents (225;

Kaada & Johannessen, unpublished observations).

Even in lightly anesthetized animals the effect is

rather inconstant and the regions influenced are more

or less restricted. The most effective loci are found in

the cingulate and temporal polar cortex and in the

superior temporal gyrus (225; Kaada & Johannessen,

unpublished observations). This is consistent with the

finding that these cortical areas are also more effec-

tive in inhibiting spontaneous movements (as part

of the arousal response) than the frontal, parietal

and occipital inhibitory fields (126).

The cortically induced EEG arousal is not sec-

ondary to accompanying respiratory or arterial pres-

sure alterations (126). It may further be associated

with either facilitation, inhibition or no effect of

movements evoked from the motor cortex (126, 232).

The response depends on a cortical-subcortical

mechanism (126, 231) and, like the behavioral

arousal, it is most likely produced \ ia the brain-stem

and thalamic reticular .system (126, p. 238; 231). The
cortically evoked EEG arousal is present in the

encephale isole (31, 32, 126). The primary and sec-

ondary components of cortical potentials evoked by

sensory stimulation are unaffected during cortically

induced EEG arousal, whereas the subsequent

'evoked burst potentials' are Ijlocked (126).

BURST .\UGMENT.4TiON. Occasionally stimulation of

points in the anterior cingulate (126, 231), orljital

and rostral pyriform cortex and in the olfactory

tubercle (126) in animals under light barijiturate

narcosis may result in an increase in the burst prom-

inence in all cortical areas. The response, which

appears to l)e opposite of that characterizing the EEG
arousal, is probably mediated \ia the thalamic reticu-

lar system which is the only subcortical structure at

present known to initiate generalized bursts on

stimulation.

ELECTRICAL AFTER-DiscjHARGES. A characteristic fea-

ture of the anterior cingulate, subcallosal and orbito-

insulotemporal polar cortex, as well as of the amvg-

dala and hippocampus, is a low threshold for elicita-

tion of seizure discharges as compared to that of

neocortical areas. This was first shown h\ Gibbs &

Gibbs (go) for motor seizures and by Jung (124),

Lennox et al. (152) and Kaada (126) for electrical

after-discharges from the hippocampus, amygdaloid

region and medial-basal cortical areas, respectivelv.

These findings have later been confirmed by a number
of investigators (12, 48, 79, 83, 95, 96, 125, 126, 154,

'55' '93' 208). The lowest threshold for electrical

after-discharges is found in the hippocampus, amyg-
dala and pyriform cortex. Details about the various

types and preferential pathways of spread are found

in the papers just referred to. Of particular interest

is the observation that after-discharges elicited from

almost any of the areas concerned readily spread into

the others, suggesting a close functional relationship

between them (12, 48, 126), as also demonstrated by

physiological neuronography (192, 203). Mention

should further be made of the generalized petit mal-

like 3-per-sec. spike and wave formations associated

with clinical manifestations of petit mal epilepsy

which have been evoked from the anterior cingulate

cortex in animals (126, 153, 193).

The vast literature on the relation of psychomotor

seizures or automatism to the temporoinsular region

is reviewed elsewhere (65, 84, 127, 168, 187) and will

not be discussed further in this connection. Brief men-
tion should only be made of the immediate "flatten-

ing' (also termed 'suppression') of electrical activity,

including spikes, at the onset of the seizure in the

majority of patients with temporal automatism

(66, 88, 109, 121, 123, 171). Such 'suppression' may
be generalized, bitemporal or unilateral. This phe-

nomenon, together with the clinical features of

automatism, can be reproduced in man at operation

by stimulation of the anterior temporal-insular gray

matter and the region of the claustroamygdaloid

complex and anterior hippocampus (65, 66, 123).

Similar effects have been produced from the homol-

ogous areas in cats (85, 126) and monkeys (50, 126).

It .seems likely that the effect is identical with the

'acti\'ation' response (126, 127).

OTHER ELECTROCORTICOGRAPHIC EFFECTS. \"arioUS

Other types of effect in the EEG in response to stimu-

lation of the areas under discussion have been de-

scribed as 'suppression' or 'elimination of strychnine

and unelicited spikes' (59, 152), 'suppression of

spindles' (59), 'attenuation' (231) and "depression'

(126) of electrocortical activity. The functional sig-

nificance of all these types of effect is not clear. Experi-

mental esidence has been gi\en that the "at-

tenuation" response and the 'suppression of spindles,'

without any appreciable increase of frequency of the
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background activity, actually represent an abortive

arousal effect (r26, p. 207). Further, the "depression"

and 'elimination of strychnine and unelicited spikes'

mainly represent unspecific extinction phenomena
which can be oiatained froin any cortical area (126,

p. 231 and 244).

EFFECTS OF ABLATION

No conclusion concerning the functional signifi-

cance of a particular portion of the brain can be

drawn solely on the basis of stimulation experiments.

A better understanding is reached by comparing the

results of stimulation and ablation. In the past 5 to 10

years a considerable amount of data on ablation of

the cortical areas under discussion has accumulated.

Important contributions have come also from clinical

studies in connection with surgical intervention of

these portions of the brain in psychiatric and epileptic

patients. Only clinical papers which may contribute

to an understanding of the functional role of the area

concerned will be mentioned.

An important conclusion which has emerged from

all ablation studies, in animals and man, is that

neither unilateral nor bilateral lesions of the cingulate

and orbitoinsulotemporal polar region interfere with

the correct integration of basic elementary somato-

motor and autonomic mechanisms (with the excep-

tions mentioned below), nor with functions essential

for survival. Thus, there has been no change in volun-

tary or reflex motor performance, no muscular hyper-

or hyporeflexia, no disturbance of respiratory, cardio-

vascular and gastrointestinal functions, no pupillary

change, etc. This in spite of the fact that the same

areas, on stimulation, are able to exert a profound

influence upon these very same functions probably as

a part of more complex behavior patterns. This influ-

ence on basic autonomic and somatic mechanisms

therefore is probably not of a tonic character.

Some exceptions to these essentially negative results

are the slight elevation of skin temperature of the

extremities and the augmentation of reflex vasodila-

tion on exposure to a warm environment following

bilateral removal of the posterior orbital surface in

monkeys (54, 159). More recently. Showers &
Crosby (227) have recorded a transitory drop in body

temperature (average 5.5°F = 3°C) in monkeys with

lesions of the posterior or anterior cingulate cortex.

Also, it was possible to observe piloerection and an

increase in sudomotor activity in the 2 to 3 weeks

following the operation. Further, Babkin & Kite (15)

found that bilateral ablation of the cingulate gyrus in

acute experiments in dogs produced a moderate

increase in the rate of contractions of the pyloric

antrum, whereas orbital surface ablations were with-

out significant effects. Finally, Turner (256) has

shown that remo\al of the posterior orbital cortex in

monkeys results in increased resistance to anoxia,

possibly because '".
. . a protective mechanism had

been damaged or destroyed." Davis (52) observed

that monkeys with bilateral ablation of area 13

quickly collapse when exposed to an altitude equiva-

lent of 20,000 ft., while normal unoperated animals

are able to maintain normal activity at this altitude

for 30 min. or longer.

The more prominent changes which ensue after

bilateral lesion of the cingulate and orbitoinsulo-

temporal cortex are all concerned with the behavior

of the animal, such as increased motor restlessness

and changes in the affective state of the animal. But

also in these respects the changes are not very striking

and bilateral removal is necessary to obtain any

significant effects.

Anterior Cmgular Region

Bilateral anterior cingulate ablation in monkeys

by Smith (236) and Ward (266) has resulted in

behavior changes in the direction of greater lameness

and diminution of preoperative fear and rage in re-

sponse to man and in lack of 'social consciousness'

(Ward). This was confirmed in a general way by Glees

et al. (91) but they report that the behavior changes

were rather short-lived, disappearing after 6 wk. to 3

mos. Pribram & Fulton (201) and Mirsky et al. (178)

recently reported that in monkeys resection of the

cortex of the anterior cingulate gyrus, and of the pre-

and subcallosal and medial frontal areas as well, does

not lead to any profound and prolonged alteration in

behavior in response to other animals; the effects are

transient, apparently minimal and difficult to

appraise. However, cingulectomy may have the effect

of making monkeys temporarily more aggressive or

less fearful of man (178). Bard (26) found that bi-

lateral lesion of the cingulate cortex of cats does not

per se alter the threshold at which rage provoking

stimuli become effective. Further, Rothfield & Har-

man (212) concluded that removal of the neocortex

plus cingulate cortex in cats does not alter the rage

threshold. Some increased motor restlessness, similar

to but less than that resulting from posterior orbital

ablation (see below), has been observed following
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bilateral anterior cingulatc removal in monkeys (91,

266).

Using rats with bilateral lesions in the area of the

anterior cingulate gyrus, Peretz (191 ), quite recently,

has shown that they took significantly longer than

normal animals to learn an avoidance response when
motivated by fear of electric shock. This latter experi-

ment included a series of control procedures which

indicated that the results could probably not be

accounted for in terms of lessened sensitivity to elec-

tric shock, general reduction of all motivation or

intellectual deficit.

The earlier observations that apprehensiveness

and anxiety seem to disappear after cingulate abla-

tions have led several neurosurgeons to remove this

region in agitated, aggressive and overactive psy-

chotic patients and in anxiety and obsessional states

(28, 138, 149-151, 157, 219, 251, 253, 267, 273, 274).

According to the earlier as well as to subsequent

reports the results appear promising when the proce-

dure is applied to carefully selected cases. No intellec-

tual impairment has been reported to follow such

ablation (75, 126, 150, 206).

After liilateral cingulate ablations in the cat

Kennard (137) has recently observed confused, per-

severative, obsessive behavior, a plasticity of posture

and a slight increase in rage reactions. It is stated that

in these cingulate ablations the only area removed

was that lying in the region called area 24 in monkey
and man. It appears from the illustration, however,

that the ablations have mainly included the posterior

granular subdivision of primates, area 23 or the

'cingular area' (Cg. in fig. jE) in Rose & Woolsey's

terminology (209), whereas the area corresponding to

the agranular anterior cingulate cortex of primates

(area La. in fig. jE) was spared in most animals.

Kennard's syndrome, which in many respects re-

sembles that seen in destructive lesions involving the

cingulate gyrus in man (7, 8, 28), may perhaps be due

to a lesion of the granular posterior cingulate cortex.

It should be emphasized that in the cat as well as in

primates the most profound autonomic and somato-

motor effects of stimulation are elicited from the pre-

and subcallosal region of the cingulate cortex.

Posterior Orbitid Cortex

The most marked behavior change which follows

ablation of this region in monkeys is motor restless-

ness (71, 159, 213). According to Ruch & Shenkin

(213), this hyperactivity appears to be a fairly specific

phenomenon, manifested chiefl\- in locomotion.

whereas other motor activities, such as expressivity,

were rather reduced in variety and quantity. The
hyperactivity possibly represents a release phenome-
non, consequent on removal of the inhibitory influ-

ence on somatic movements e.xerted by the posterior

orbital cortex, as well as by other areas ablation of

which yields motor hyperactivity (126, p. 249). These

changes in spontaneous motor activity have not fol-

lowed similar posterior orbital lesions in man (218,

222). According to Davis (52) and Turner (256), the

hyperactivity in monkeys after posterior orbital abla-

tion is profound only if the subjacent head of the

caudate nucleus has been damaged.

In line with these observations in monkeys Dax &
Radley-Smith (53) emphasized that in performing

frontal leucotomy in man the lower and posterior

sections should be avoided in very excited and rest-

less patients. Orbital undercutting or orbital ablation

has been recommended for depressions and catatonic

stupors with subnormal psychomotor activity [see

{75) for references]. A number of other clinical papers

deal with these problems (68, 69, 72, 174, 175, 196,

214, 218, 221, 222, 252).

Anterior Temporal Region

Unilateral anterior temporal resections in animals

and man apparently cause no appreciable defects as

shown, for instance, by the several hundred such abla-

tions which have been carried out in epileptics for the

relief of psychomotor seizures (17, 19, 20, 64, 89, 177,

181, 186, 189). On the other hand, bilateral removal

of the anterior portion of the temporal lobe in pri-

mates and of the homologous areas in subprimates

causes profound changes in Ijehavior. On several

points, however, the various reports are somewhat

contradictory. The effects of bilateral remo\al of the

temporal lobes, including most of the uncus, amyg-

dala and hippocampus in monkeys, were described by

Kliiver & Bucy in 1937 (141) as "'the most striking

behavior changes ever produced in animals." These

behavior changes consisted of a) 'psychic blindness'

or 'visual agnosia'; h) "hypermetamorphosis' or exces-

sive tendency to examine objects visually, tactually

and orally; c) a remarkable decrease of aggressive

behavior and loss of fear reactions; d) bizarre sexual

behavior; and e) considerable changes in dietary

habits (139, 142, 143). On the other hand. Bard &
Mountcastle (27) demonstrated that ijilateral remo\al

of apparently the same structures in cats, particularly

of the amygdala and of much of the pyriform cortex,

produced savageness and a considerable increase in
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rage reactions. The different effects obtained in these

two studies were considered to be due to species

differences. This explanation is not entirely compat-

ible with the somewhat 'paradoxical" results obtained

by Spiegel et al. (242) who observed both rage reac-

tions and cataleptic symptoms following bilateral

lesions of the amvgdaloid region in one and the same

species of animal (cats). Docile cats as a result of such

lesions have also been reported by Schreiner & Kling

(217) and Brady et al. (30). It seems more likely that

the structures removed are not completely analogous

in all these experiments. Lesions of the anterior por-

tion of the temporal lobe may include in varying

degrees such diverse structures as the pre- and peri-

amygdaloid cortex, the entorhinal area, juxtallocorti-

cal and neocortical zones or their efferent or afferent

projections, olfactory pathways, the amygdaloid

nuclear complex (with its at least six subdivisions with

different projections), and more or less the temporal

portion of the hippocampus proper. Apparently, our

"present knowledge and techniques do not permit

sufficiently accurate pinpointing of crucial structures"

(197, P- 59)-

The results of Kliiver & Bucy (143) and more

recent ones (180, 248) ascribe more importance to

the medial temporal structures than to the lateral

temporal cortex. Various manifestations of the Kliiver-

Bucy syndrome have been reproduced in monkeys

(179, 183, 200, 248), cat (30, 217) and man, where it

includes memor^^ loss (97, 216, 220, 247) when the

bilateral lesions are mainly restricted to the antero-

ventral portion of the temporal lobe. It is not clear,

however, which basic functions have been disturbed

by the various lesions. Recent attempts to analyze

the complex syndrome associated with large bitem-

poral lesions through the use of a battery of behavioral

observations and tests and more rigidly controllai)le

techniques of experimental psychology seem promis-

ing (30, 179, 180, 200). According to Pribram &
Bagshaw (200), such measures have related the poste-

rior orbital surface to locomotor activity, the anterior

insula to taste, and the temporal polar and amygda-
loid region to food intake, temperature regulation and

'hypermetamorphotic' behavior. Visual discrimina-

tion ability is unaffected either by such lesions (200)

or by hippocampectomy but depends on the integrity

of the medial occipitotemporal region (43, 179, 180).

It is still a matter of controversy exactly which

lesions are responsible for increased rage reactions.

Lesions of the basal structures just rostral to the optic

chiasma (77, 78), the olfactory tubercles (242),

amygdala (27, 242), or the hippocampal-fornix sys-

tem in cats with absent neocortex (212) have all

lowered the rage threshold. However, either no effects

or opposite effects, such as increased tameness and
docility, ha\e been observed after bilateral lesions of

the amygdaloid complex (g, 30, 212, 217, 242, 275),

the hippocampus-fornix (26, 27, 212, 272) or the

junction of the tail of the caudate and putamen (256).

None of the increased rage responses produced after

cortical, amygdaloid or hippocampal lesions, how-
ever, is comparable to the savage behavior of extreme

type which follows lesions of the \entromedial hy-

pothalamic nucleus (272).

Further consideration of behavioral changes fol-

lowing temporal lesions are found in the two succeed-

ing chapters on the hippocampus and amygdala.

PHYSIOLOGICAL SIGNIFIC-^NCE

Olfaclion

It appears at present widely accepted that onlv

more restricted anterior basal areas of Broca's grand

lobe limbique (a portion of the pyriform cortex together

with parts of the amygdala, olfactory tubercle, bed

nucleus of the stria terminalis and other regions) are

implicated in important olfactory functions. This

applies both to the detection and discrimination of

olfactory impressions and to olfactory reflexes and
associated feeding reactions (2, 36, 37, 1 76, 202).

(Chapter XXI by Adey in this Handbook is devoted

to this topic.) The functional terms "olfactory brain'

and "rhinencephalon' therefore should not be used in

the wider sense as identical with the 'limbic lobe'

because these terms suggest that there is a particular

function common to all formations included in this

portion of the ijrain, an assumption which is not sup-

ported by experimental evidence. The main functions

of the other parts of the 'limbic lobe" must be sought

in other spheres of activity.

I'isceral Functunu

In spite of the extensive physiological, anatomical

and clinical data that have accumulated in the past

decade nothing conclusive can as yet be said about the

functional significance of these other formations of

the 'limbic lobe.' It has recently become customary

to speak of the 'visceral brain' (10, 162, 163, 165, 197)

as synonymous with the 'limbic lobe,' thus imputing

to this entire brain area another specific common
function. However, thus far all of the experimental
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data have confined the areas of the 'hmbic lobe" which

hifluence autonomic activities to a rather limited

portion of its rostral part, comprising the anterior

cingulate, orbitoinsulotemporal polar region and the

amygdala. There is at present no evidence, either

from stimulation or from ablation experiments, to

justify the application of this term to the posterior

portions of the cingulate and hippocampal gyri or to

the hippocampus-fornix system (126, 202). Further,

the rich variety of autonomic and soinatomotor

responses evoked from the rostral alio- and juxtallo-

cortical areas and amygdala are all independent of

the hippocampus-fornix (126). Even if the term

'visceral brain' is confined to these rostral mediobasal

areas it becomes somewhat misleading since somatic

responses from the same areas appear to be just as

prominent as the visceral ones.

Emotion

Two decades have passed since Papez (184) pro-

posed the now famous and much quoted theory that

the hypothalamus, the anterior thalamic nuclei, the

gyrus cinguli, the hippocampus and their interconnec-

tions possibly constitute the central anatomical sub-

strate for emotion. This hypothesis seemed to find

support in the emotional changes resulting from

Kliiver & Bucy's (141-143) temporal and Smith's

(238) and Ward's (266) anterior cingulate ablations

in monkeys. The more recent temporal ablations,

referred to above, tend to relate the changes in emo-

tional behavior to lesions in the amygdaloid region

rather than to the more posterior temporal cortex

and hippocampus. Further, as regards the anterior

cingulate region, renewed studies find as yet no con-

clusive evidence to substantiate the earlier claims of

the iinportance of this area in emotion. One might

also question whether the anterior cingulate area

actually represents an essential integrative part of the

postulated hippocampal-cingulate "circuit,' since in

the phylogenetic scale the anteromedial thalamic

nucleus (projecting upon the anterior cingulate area)

is considerably reduced (226, 250) whereas the antero-

ventral nucleus, which in higher mammals receives

the bulk of fillers from the mammillary bodies, shows

a progressive development similar to that of the hippo-

campus, fornix, mammillary bodies, mammillo-

thalamic tract and most of the cingulate gyrus (211).

These phylogenetic data together with the essentially

negative results of stimulation and ablation in animals

might indicate, as previously suggested (126, p. 258),

that these structures are concerned in higher psychic

functions rather than in physiological acti\ities of a

primitive elementary type. Data are at present

accumulating which tend to show that the hippo-

campal-cingulate system possibly might ije critically

concerned in memory function (122). Whether these

structures, or parts of them, are in any way primarily

involved in emotional behavior can be resolved only

in future experiments. Potentials have been recorded

by several authors from the pyriform cortex, amyg-
dala, hippocampus and cingulate gyrus in response to

various types of sensory stimulation (visceral, audi-

tory, visual, olfactory, gustatory and .somatic). It has

been suggested that these latter potentials are pos-

sibly related to emotional experience (164). There are,

however, at present several discrepancies in the find-

ings of the various authors and more information is

needed before anything can be said about the func-

tional significance of these sensory impulses.

More recently Turner (255, 256) has introduced the

term "thymencephalon' for much the same structures

as contained in the 'rhinencephalon,' 'limbic lobe'

or 'visceral brain" in order to denote the affective or

temperamental part of the brain {thymos: mind, spirit,

soul, passion). However, of all the structures included

in these terms only the amygdala and the orbito-

insulotemporal polar cortex and possibly the sub-

callosal and septal regions appear to be related to

emotional behavior (202). (Emotion is considered in

Clhapter LXIII by Brady in this Handbook.)

'Attention or 'AroiisaP Response

The significance of the behavioral and EEG-
"arousal' or 'attention' response—which rather exten-

sive parts of the cingulate and orbitoinsulotemporal

polar regions and part of the amygdala and hippo-

campus share with neocortical area.s—is not clear.

-Mthough these diverse cortical zones seem to have

some common functions related to the arousal re-

sponse, it is extremely unlikely, as also emphasized

by French et al. (70), that all influences mediated by

them are identical or that these are the only functions

they subserve. It appears likely that alertness asso-

ciated with functional activity of the difTerent cortical

areas may be related to different patterns of general

behavior. In this respect, it should be mentioned that

if subsequent findings indicate that the medial-basal

cortical areas in some way are concerned with emo-

tional behavior, it would be extremely reasonable to

find 'arousal" responses elicited from these as well.

It may also be of significance that most of the corti-
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cal 'arousal' areas (olfactory, acoustic, \isual, somato-

sensory, splanchnic and \agal) are located in the

immediate \icinity of sensory projection areas and

further that they all, on stimulation, appear to yield

contraversive searching movements, possibly of an
orientina; character.
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CONNECTIONS OF THE HIPPOCAMPUS

Terminology

The hippocampus has attracted the attention of

anatomists since Thomas Henry Huxley and Bishop

VVilberforce disputed its evolutionary significance, and

C^harles Kinajsley parodied them in The Water Babies.

Many anatomists have studied this functionally enig-

matic part of the brain, and in the confusion many
terminological disagreements have occurred. The gen-

eral location and contours of this region in man are

shown in figure i . Figure 2 shows many of the gross

anatomical features and some of the connections of

the hippocampus of the cat. To some, hippocampus

means the hippocampal gyrus, and to others the

archicortex which is folded into the lateral ventricle.

The latter sense is used here. Entorhinal cortex and

pyriform cortex will be used interchangeably to mean
the cortex lying on the ventral aspect of the temporal

lobe medial to the rhinal fissure. The junctional

region between the entorhinal cortex and the hippo-

campus, lying on the medial aspect of the temporal

lobe beneath the choroidal fissure, is called the su-

biculum. The single-layered cortex which is enfolded

into the lateral ventricle is subdivisible into two
interlocking gyri formed by the hippocampal pyra-

mids and gyrus dentatus. Here it is collectively called

Amnion's horn or hippocampus. The term hippo-

campal gyrus will be avoided since most American
and British authors consider entorhinal cortex and
hippocampal gyrus to be more or less identical. By
hippocampal formation is understood Amnion's
horn (hippocampus plus gyrus dentatus) with its ad-

jacent and continuous regions of the brain, and its

chief afferent and efferent pathways. Grossly, these

structures include the subiculuni and entorhinal

cortex, the gyrus cinguli and amygdala, the psalterium

(hippocampal commissure), the septum lucidum and
the fornix. It also includes certain embryological

rudiments, the striae longitudinales and the indusium

griseum. The fornix is considered to comprise, first,

the postcommissural fornix extending to the mamniil-

lary body, .second, the precommissural fornix which

connects the hippocampus and the septum (within

which lies the related diagonal band of Broca and

radiation of Zuckerkandl) and, third, the dorsal

fornix, by which is meant the band of white fibers

extending rostrally above the septum lucidum and
beneath the corpus callosum, and grossly traceable

caudally toward or into the colonne horizontalc of

GerebtzofT (39) or'spheno-cornual' bundle of Ramon y
Cajal (90). The term dorsal hippocampus is used to

imply the dorsal subcallosal hippocampus seen in

many mammals, and the dorsal supracallosal hippo-

campus will be referred to as the indusium griseum

(gray matter) and striae longitudinales (white).

'373
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FIG. 1. Drawing of a dissected

human hippocampus. The hemi-

sphere has been partially re-

moved, the midbrain is cut across

and the third ventricle exposed.

The dotted line represents the edge

of the tentorium vifhich, as shown
in the diagrammatic insert,

crosses at right angles to the

vessels which supply the hippo-

campus. In cases of temporal

herniation they may be occluded.

Choroid br of post cerebal art

-Choriod plexus

Ant chor art

Post cerebral art.

Edge of --

tentorium

/

Anterior choroidal art

X
Qerebral peduncle

\.Middle cerebral, ort

Momfn^llary body

Anterior' commissure

V
-Corpus collosum

Anterior cerebral art.

Ltic chiasma

Posterior cerebral art.

Phytogeny

The hippocampal primordium (which becomes

Ammon's horn) and the piriform cortex comprise the

bulk of the cerebral hemisphere in amphibians and

other lower vertebrates. Only in amphioxus is the

hippocampal primordium, together with the rest of

the cerebral hemisphere, wantina;. Thus, the hippo-

campal primordium and piriform cortex are the

cerebral hemisphere of primitive vertebrates and per-

form whatever cortical functions are within the ca-

pabilities of these animals.

The neocortex develops between the piriform

cortex and the hippocampal primordium and, conse-

quently, distorts the cerebral hemisphere. This process

is exaggerated by the growth of the interhemispheric

commissures. Of the four commissures, three are

found in the anterior wall of the developing neural

tube in front of the interventricular foramen of

Monro: the anterior coinmissure, the hippocampal

commissure, or psalterium, and the corpus callosum.

A fourth, the posterior commissure, lies caudally and

dorsally to the foramen of Monro. According to

Johnston (57), the anterior commissure lies just below

the remnant of the anterior neuropore (fossa tri-

angularis) and thus marks the rostral extremity of the

primitive neural tube. The anterior and posterior com-

missures are not greatly modified by the development

of the forebrain, nor do the)" modify the relationships

ol the hippocampal primordium. The development of

the corpus callosum, on the other hand, between the

two neocortices, leads to considerable change in rela-

tionships.

Much of our knowledge of the formation of the

hippocampus, as it exists in mammals, is due to

Elliot Smith (102-105). He regarded the primitive

hippocampus as being entirely supracallosal in po-

sition and accounted for the large infracallosal hippo-

campus (the dorsal hippocampus of our terminology)

as the result of the formation of the 'hippocampal

flexure,' caudal to the splcnium of the corpus cal-

losum. Such a concept leads to some difficulties in

interpreting the way in which the hippocampal com-

missure comes to lie infracallosally and yet remains in

contact with the liippocainpus proper which in

primates is pushed backward because of the growth of

the corpus callosum and eventually comes to lie almost

entirely in the temporal lobe. The difficulty is largely

resolved by Johnston's (56-58) concept that the sep-

tum, fornix and hippocampal commissure represent

part of the paraterminal body, a forward and anterior

extension of the hippocampal primordium lying in

front of the lamina terminalis. The paraterminal body

may be considered to be functionally related to the

hippocampal primordium, regardless of where the

exact boundary between the two exists. Such a con-

cept makes the various relationships of the hippo-
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FIG. 2. Diagrams of the hip-

pocampus of the cat. A: Draw-
ing of dissection from the left

side. B: Same from the front. C:

Same as A but showing some of

the conduction paths j MFB,
median forebrain bundle; RF,

reticular formation. D: Termina-

tion of afferents about a hippo-

campal pyramid: /) from the

alveus, 2} from dentate granule

cells and 3) from the temporo-

ammonic tract. E: Schematic

cross section at level shown in C,

showing /) aflferents from the

fimbria to the dentate gyrus, 2)

axons of pyramidal cells, 3)

dentatopyramidal fibers, 4) tem-

poroammonic fibers and j) fibers

from colonne horizonlale and psal-

terium; hi to A5 show the approxi-

mate locations of pyramidal

neuron fields. The rudimentary

supracallosal hippocampus is

omitted for simplicity.

campus in different species easy to understand. The

corpus callosum, then, is conceived to grow through

the hippocampal primordium-paraterminal body; in

this way, fibers to and from tlie hippocampus can be

loimd above and below the corpus callosum and also

incorporated within it. As a result of this growth of the

corpus callosum and the burgeoning of the cerebral

hemispheres, the hippocampus gradually retreats into

the temporal lobe.

General Anatotm

The primitive position of the hippocampal pri-

mordium helps to explain the afferent and efferent

connections of Amnion's horn. Before the develop-

ment of the neocortex, the hippocampus establishes

connections with the brain stem. These connections

are made through the region of the paraterminal

body to the hypothalamic and other diencephalic

areas, as well as toward the striatum. Thus, Herrick



'376 HANDBOOK OF l'HVSIf)LOC;"l' NElIRGPHVSIOLOm' 11

(54) was led to conclude that the hippocampal

primordium served to correlate afferent impulses from

a variety of brain-stem visceral centers and to relay

them secondarily to the neocortex. The commissural

systems, developing late, distort the secondary con-

nections less than they distort the primary, and the

connections we see in mammals of this type are chiefly

the fibers of the temporoammonic tract (3, 4, 72, 73,

go, 91). The septum lucidum may be considered to be

the main remnant of the paraterininal body. It fol-

lows, therefore, that the brain-stem connections to and

from Amnion's horn enter through the septum

lucidum among the fibers of the fornix system. The

connections between the mammillary body and

anterior thalamus (tract of Vicq d'Azyr) is also

phylogenetically new and probai^ly is to be associated

with the further development of hippocamponeo-

cortical connections.

The system of fibers which comprise the fornix and

psalterium may be considered, perhaps, without im-

mediate reference to the exact direction of the axons

within them. In an animal like the cat, when the upper

part of the cerebral hemisphere and corpus callosum

is removed so that the hippocampus may be observed

from above (as the floor of the lateral ventricle), two

prominent bands of white matter (the fimbriae) are

seen converging rostrally to lie above the septum

lucidum (see fig. 2). Lateral to these bands lie the

choroidal fissure and the caudate nuclei. Medially to

them lie the dorsal hippocampi which are separated by

a band of white matter composed of dorsally running

longitudinal fibers and more ventrally placed trans-

verse fibers. The longitudinal fibers which lie between

the hippocampi may be seen to consist of two parallel

bands which extend forward to blend with the fimbria

as it becomes the dorsal fornix above the septum

lucidum. These are the colonnes horiznntales. The deeper-

lying transv-erse fibers are the fibers of the psalterium.

The bulk of the fibers of the fimbria do not join the

dorsal fornix but instead diverge in two bundles: a)

a compact bundle which dives deeply behind the

anterior commissure to pass through the hypothalamus

and eventually reach the mammillary body, the post-

commissural fornix, and h) a looser group of fibers,

the precommissural fornix, entering the septum and

passing in front of the anterior commissure. The post-

commissural fornix is probably almost exclusively

efferent (22). The precommissural fornix and dorsal

fornix are probably both afferent and efferent, the

latter being chiefly related to field hi (30, 52). Ac-

cording to Gerebtzoff (39), the colonne horizontale con-

tains fibers afferent to the hippocampus from the

septum. The hippocampal commissure, presumably,

contains afferent and efferent fibers between the two

adjacent Ammon's horns, but it is possible that its

rostral part also contains fibers which cross to the

contralateral septum. Grossly, three general areas of

the hippocampal commissure may be recognized : a

fairly thick caudal bundle which is more or less

blended with the splenium of the corpus callosum;

a thinner middle segment consisting of string-like

fibers passing between the two hippocampi, giving

rise to the fanciful name of psalterium (a harp); and,

again, a large commissural mass at the rostral end of

the hippocampus connecting the two fornices.

Besides the classic studies of Ramon y Cajal (90, 91

)

and Elliot Smith (102-106), the reader interested in

afferent and efferent connections of the fornix and the

hippocampal commissure is referred to recent papers

by Nauta (82), Blackstad (17), Simpson (loi),

Daitz & Powell (30), Powell & Cowan (86-88),

Cowan & Powell (28), Gerebtzoff (39), Morin (79),

Allen (12), Sprague & Meyer (107), Guillery (52),

Fox (34, 35), and the review of Pribram & Kruger

(89). Figure 3, constructed on the basis of the electro-

physiological studies of Green & Adey (45) shows

brain areas affecting and affected by hippocampal

activity.

Projections

CORTEX. Connections with the cortex, as indicated

above, are established through the temporoammonic

tracts. They connect the entorhinal cortex to Am-
mon's horn, both via the gyrus dentatus and the

hippocampus itself. Ramon y Cajal (90) described the

spheno-occipital ganglion as the source of origin of the

axons of the temporoammonic tract. This is a special-

ized part of the entorhinal cortex, particularly promi-

nent in smaller mammals, from which these fibers

seem to rise but it is not strictly delimited. Although

experimental stimulation of the hippocampus (2, 5,

45, 51) indicates that evoked potentials can be ob-

tained from the entorhinal cortex, so far the anatomi-

cal pathways which might subserve these connections

have not lieen detected. Functional studies by Adey

et al. (5) in the Australian phalanger, a marsupial,

showed that stimulation of the entorhinal cortex

evoked responses in the hippocampus but only small

and irregular responses in the fornix despite the large

responses which could be evoked in the hippocampus

by stimulating the fornix. [See also the studies of

Green & Morin (50) in the guinea pig.] They beliese

that the dorsal hippocampus can exert a powerful
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A 12 A 14

Fic. 3. Schema of areas apparently receiving impulses from or distributint; impulses to the

hippocampus. On the lejt side of each brain section vertical hatching marks areas which when stimu-

lated evoke responses in the hippocampus which are always bilateral. On the right side of each

section, crosshatched areas are those bilaterally excited by stimulation of the hippocampus. Stippled

areas are ipsilaterally excited by hippocampal stimulation. [From Green & Adey (45).]

effect on the entorhinal area on the basis of interaction

studies. In a second paper Adey el al. (i) reported tiie

use of electrophysiological techniques to trace a path-

way from the entorhinal cortex caudally through the

thalamus to the periaqueductal gray and dorsal

tegmentum.

The gyrus cinguli presumably projects to the

hippocampus in a fashion similar to the entorhinal

cortex, establishing a.xodcndritic synapses with the

pyramidal and granule cells. It is also possible that

more or less direct connections are established from

the gyrus cinguli to the hippocampus through the

fibrae perforantes corpus callosi, groups of fibers which

have been described from time to time as penetrating

the corpus callosum (64).

TH.aiL.'Mnus. Thalamic connections of the hippocampus

are not well understood. Direct connections between

the hippocampus and the thalamus are probably

present. They were claimed by some of the older

anatomists and have recently been traced by the

bouton degeneration technique (52, 82). Green &
Adey (45) found short latency responses in the an-

terior thalamus following hippocampal stimulation
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but could not determine that they were due to direct

connections. On the other hand, secondary con-

nections, via the mammillary body, are well estab-

lished (27, 33, 43, 82, 87, III), and there is evidence

for connections to the anteromedial, anterodorsal and

anteroventral nuclei, as well as to the intralaminar

nuclei (45). Rose & VVoolsey (94-96) demonstrated

the relationship between rostral thalamus, cingulum

and rhinencephalon, and found that removal of the

rhinencephalon, striatum and amygdala led to de-

generation of the mid-line and intralaminar nuclei of

the thalamus. Powell (85) reported a case of com-

plete surgical hemidecortication in which, however,

the mid-line and intralaminar nuclei, as well as the

nucleus limitans and the parafascicular nucleus,

showed no evidence of any change 24 days post-

operatively, but the anterior nuclei showed extreme

degeneration. The fornix was apparently spared. The
anterior nuclei of the thalamus (particularly the

anteromedial and anteroventral) are thus functionally

related to the hippocampus, and there also may be

connections, perhaps secondarily, with intralaminar

nuclei and mid-line nuclei. Stimulation of the hippo-

campus evokes responses in the anterior, mid-line and

intralaminar nuclei, and stimulation of these nuclei

evokes recruiting responses in the hippocampus itself

as well as in the neocortex. In the guinea pig, stimula-

tion of the precommissural fornix (50) also leads to

recruiting responses.

OTHER AREAS. Direct connections to the mammillary

body are well known. The main region of termination

is the medial mammillary nucleus (30, 52). Connec-

tions with other parts of the hypothalamus, besides

the mammillary body, are not certain although there

seems to be a good deal of evidence that a few fibers

of the fornix leave it before it reaches the mammillary

region. Some fibers probably continue from the fornix

directly into the tegmentum where Nauta (82) and

Guillery (52) have seen bouton degeneration, and

Green & Adey (45) have found short-latency responses

in a zone between the red nucleus and the substantia

nigra.

There are numerous and important connections

in the septal area. Many of these are efferent, par-

ticularly to the medial septal nuclei; but in this region

there is a vast convergence of fibers extremely difli-

cult to unravel. Ramon y Cajal's (90) views on the

structure and connections of the septum lucidum and

on its relationship to the hippocampus are given in

detail in a recent translation. It seems unlikely that

verv much more mav be added bv direct anatomical

studies on normal material. Daitz & Powell (30) found

that division of the fimbria resulted in complete

atrophy, or shrinkage, of the cells of the ipsilateral

medial septal nucleus and partial degeneration of the

nucleus of the diagonal band, but that additional in-

volvement of the fornix or stria terminalis, that is to

say the dorsal portions of the fornix, did not result in

any intensification of this degeneration. Nor did they

find that degeneration occurred in the septum follow-

ing destruction of the entorhinal cortex or amygdala.

Powell & Cowan (88) found that division of the dorsal

fornix and fimbria results in complete atrophy of the

descending column of the fornix, but that lesions of the

fimbria resulted in only slight degeneration of the

descending column of the fornix although there was a

complete lass of precommissural fibers in the septum

and degeneration of the medial cortical hypothalamic

tract. They concluded that most of the efTerent fibers

of the fimbria ended in the hypothalamus anterior to

the maminillary nuclei. They believed that the axons

of the pyramidal cells of field hi, which would be the

medial field of pyramidal cells in a section through

the dorsal hippocampus, turn medially in the alveus

into the dorsal fornix, while those of cells in fields

h-2 and hs, or laterally placed cells, have axons which

bend laterally toward the fimbria. Thus, they con-

ceived that the lateral portions of the hippocampus

project chiefly to the septum and hypothalamus,

whereas the medial portions project toward the mam-
millary body.

Although the physiological evidence for aflferents to

the hippocampus from the septum seems indisput-

able, the precise anatomical pathways concerned are

as yet by no means clear. Gerebtzoff (39) found

Marchi degeneration extending backward in the

colonne horizontale following lesions in the septum, and

retrograde degeneration has been described by Morin

(79) using Marchi methods, and by Daitz & Powell

(30) and Powell & Cowan (88) using retrograde cell

degeneration (Nissl) and fiber loss (Bodian) methods.

The latter authors found no sign of cell degeneration

in the hippocampal pyramids following section of the

fornix. They explained this by .supposing that the re-

current collateral fibers of the pyramidal cell axons

maintain the activity of the pyramidal cells even

though the more distal part of the axons were severed.

Some of the Marchi degeneration, however, could be

explained on the basis of afferent fibers in the fimbria

and alveus. Ramon y Cajal (90) and many of the

older authors described afferents from the septal area

to the hippocampus, and Ramon y Cajal (90) spe-

cificalh' indicates that these afferents are not of
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FIG. 4. Cell terminations in the hippocampus. /) Terminals about the hippocampal pyramids;

Cajal Via stain. 2) Terminals in area Iv,; Bodian stain, j) Terminals about the hippocampal

pyramids; ShoU-Golgi stain. Note the temporoammonic tract below and alveus above. ^} Terminals

in area h-j; Bodian stain.
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olfactory origin. Afferems probably reach the hippo-

campus from the reticular activating system of

Moruzzi & Magoun (81) via the tegmentum and

hypothalamus (45, 46). Morin (79) and Guillery (52)

have described afferents from the mammillary

penduncle into the medial forebrain bundle of mam-
millary nuclei.

More complex hippocampal pathways have also

been proposed. In particular, the Papez (83) circuit

requires mention. Papez conceived that a pathway

from the anterior thalamus, to the cingulate gyrus, to

the cingulum, to the hippocampus, to the fimbria, to

the fornix, to the mammillary body and back to the

anterior thalamus was concerned in emotion. That

this pathway exists is true, and certainly stimulation

of any point in this circuitous route evokes a response

in any other point (45). However, for emotional

processes it is probably not necessary that this circuit

should be intact, although of course this does not

exclude the possibility that some parts of the brain

involved in the circuit are also involved in the per-

ception, integration or expression of emotional

changes. Connections with the amygdala have been

demonstrated electrophysiologically (32, 41, 44, 45)

and elaborate brain-stem connections of rhinen-

cephalic structures have been proposed by Gloor (41).

Cell Terminations

Axons of the granule cells of the gyrus dentatus

collect into a bundle of fibers which passes between

the cells of fields hs and 114 and comes to lie chiefly

below the cells of field hs. Here, they form a fairly

distinct bundle from which branches spread further

medially to fields ho and hi. The terminals end around

the basal parts of the apical dendrite and the soma of

the hippocampal pyramidal cells, and occasional col-

laterals from these axons may be traced alongside the

apical dendrite centripetally. Thus, afferent impulses

reaching the granule cells are clearly relayed to the

pyramidal cells of the hippocampus. Examples of these

terminations appear in figure 4. The temporoam-

monic tract afferents seem to terminate axoden-

dritically for the inost part, both with respect to the

granule cells of the gyrus dentatus and the pyramidal

cells of the hippocampus. Since the actual terminals

them.selves are extremely hard to resolve with a mi-

croscope and are very small indeed, it is difficult in

normal preparations to be certain whether the maxi-

mal termination is at this point or whether it is along

the course of the apical dendrite toward the soma and

around the soma, for branches may be seen from the

temporoammonic tract which radiate centrifugally

toward the somata of the pyramidal cells. These were

described by Ramon y Cajal (90) and Lorente de No
(73). In the hippocampus the temporoammonic tract

fibers are most obvious in fields hi and hj. In h^ they

are less prominent and are to some extent blended

with the fibers from the axons of the granule cells of

the gyrus dentatus. Lorente de No (72, 73) descrilied

afferents to both hippocampal pyramids and granule

cells from the fimbria. These seem to consist of rather

delicate fibers which divide as they approach the cells

and terminate for the most part around the i)asal

dendrites or the cell bodies. However, some fii)ers

may be traced through the cell layer toward the apical

dendrites where they travel parallel to these dendrites.

Thus, the three types of afferents all have fairly general

distribution with respect to the pyramidal cells; but

the alvear afferents are chiefly distributed around the

basal dendrites and soma, the fibers from the gyrus

dentatus are distrii;uted around the soma and the

basal part of the apical dendrite, and the fillers from

the temporoammonic tract are distributed around the

apical dendrite with collaterals extending toward the

soma and iiasal part of the apical dendrite.

FUNCTIONS OF THE HIPPOCAMPUS

The hippocampus has been studied from two some-

what different points of view. It has been of interest,

first, because no clear role has been attributed to so

large a part ofthe brain and, second, because, compared

with the neocortex, its structure appears simple and

therefore offers special experimental opportunities. It

is peculiarlv suitable for the study of field potentials

and their significance.

Theories of Hip/iotam/inl Finulion

It was recognized by early anatomists that the hip-

pocampus was large in animals in which the dominant

special sense was smell. Since the hippocampus ap-

peared relatively large in these macrosmatic animals,

it was considered to form part of the rhinencephalon,

the implication being that it was in some way con-

cerned with olfactory processes. Neither Ramon y

Cajal (90) nor Elliot Smith (103) considered that the

hippocampus was exclusively olfactory in function al-

though Elliot Smith (103) suggested that the dentate

gyrus was, believing it to be absent in anosmatic

animals. This misconception was clarified by Breath-

nach & Goldby (20) who showed that the porpoise



THE HIPPOCAMPUS I381

has a well-developed dentate gyrus despite the fact

that the cetaceans are completely anosmatic and lack

olfactory nerves. The hippocampus is often well de-

veloped in human monsters born without olfactory

bulbs and is generallv believed to reach its highest

state of development in the microsmatic animal, man.

Tlie completely subordinate role of olfactory impulses

in the function of the hippocampus was finally demon-

strated by the experiments of .Swann and of Allen.

Swann (108, log) showed that olfactor\' discrimina-

tion was not affected by ablation of the hippocampus.

Allen (10, II) demonstrated that olfactory conditioned

refle.xes still persisted after the hippocampus had been

removed and also that they could be established after

its ablation. Thus, the hippocampus is of minor signifi-

cance even in highly coordinated olfactory reflex

mechanisms (22, 65, 74).

Herrick's view that the hippocampus correlates the

diencephalic and cortical structures is implicit not

only in his own monumental studies (53, 54), but also

in the earlier work of Ramon y Cajal (90, 91).

Certainly no one can dispute this point of view, but

the specific function is another matter and up to this

time no truly satisfactory theory concerning the role

of the hippocampus has been advanced. Ablation of

the hippocampus, without serious damage to large

areas of the brain, has not yet proved feasible. Elec-

trolvtic or surgical injuries, locally placed within the

hippocampus without its total destruction, produce a

variety of changes; but it is striking to note that these

changes are remarkably similar to the changes seen

following local stimulation in the conscious animal,

and the question arises whether they are, in fact, the

results of destruction or the results of irritation. Elec-

trolytic or severe experimental infarction may give

rise to a condition resembling psychomotor epilepsy

(47, 48), and it is quite likely that some of the be-

havioral changes observed—abnormal fears, pupillary

dilatation, anisocoria and hyperesthesia—may repre-

sent a part of the seizure process. This is particularly-

likely since these behavioral changes seem to be

triggered by peripheral stimulation of various kinds.

It is interesting to compare the seizures and behavioral

changes observed following electrolytic lesions with

the similar changes described after stimulation (14,

51, 61-63, 66-70, 76). Secondary damage to the

hippocatnpus, induced by interruption of its blood

supply (47, 48; Naquet, R., et a!., personal communi-

cation), seems to induce effects identical with those of

electrolytic lesions placed exclusively in the hippo-

campus. The behavioral changes seen following

lesions tend to occur particularly in the first 3 weeks

postoperatively. This is usually followed by an interval

which seems to be virtually symptom-free; but the

effects may then recur after an interval of some

months, suggesting the gradual formation of an ir-

ritative scar within the central nervous svstem. Apart

from seizure discharges and their concomitant effects,

stimulation of the hippocampus has yielded disap-

pointing results. Kaada found that "it did not yield

any significant effects on any of the somato-motor or

autonomic activities recorded in this study (except for

.some facilitation of cortically-induced movements

when the three central motor areas were activated)."

Carlson el al. (25) believed that the autonomic effects

seen following stimulation of the fornix and mammil-
lary body could be attributed to the spread of current

to adjacent hypothalamic areas; Penfield & Erickson

(84) also obtained negative results. Kaada (61), how-

ever, saw pupillary dilatation in man, which can be

confirmed for the cat, while Kaada c& Jasper (63) ob-

served changes in respiration, and MacLean &
Delgado (76) saw changes in emotional behavior.

Damage to the fornix and septum lucidum produces

changes in rage threshold, according to Spiegel el al.

(106) and Rothfield & Harmon (99). Green &
Arduini (46) noted that lesions of the septum lucidum

in rabbits, involving the precommissural fornix h\ii

not the postconimissural fornix, resulted in curious be-

havior in which the animals seemed to be hyper-

reactive and at times would apparently attack the

observer in fear. They noted that this type of lesion

blocks the theta rhythm; this will be discussed below.

Brady & Nauta (18, 19) made somewhat similar ob-

servations on the rat but noted that after a period of

about 40 days the response disappeared. Therefore,

it is not clear whether the response is an irritative one

or whether the recovery is due to some local process of

adaptation. Section of the fornix, incidental to section

of the corpus callosum, did not produce behavioral

changes in man in the observations of Akelaitis et al.

(6-8), while Wheatley (114) observed no changes

following complete electrolytic destruction of the

fornices (postcommissural fornix and partial damage

to septum). Dott (31) noted no symptoms which

could be attributed to section of the fornices and

incision of the lower part of the septum lucidum in

two patients. It should be pointed out, however, that

in these patients there were also a number of signs of

hypothalamic damage. Garcia-Bengochea et al. (36)

also found no detectable changes in monkeys in a

variety of performance tests. Possible roles of the hip-

pocampus in conditioning and learning will be con-

sidered by Galambos & Morgan in Chapter LXI of
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this work, and in emotional phenomena by Brady in

Chapter LXIII.

Sponlaneims Electrical Activity mid Rtiatinii

to 'Aroi/sar Mechanisms

Using the Hess implanted electrode technique,

Jung & Kornmiiller (60) observed a theta rhythm
discharge of 4 to 7 per sec. waves in the rabbit hippo-

campus following afferent stimuli. In an exploration

of subcortical electrical activity in the cat brain,

Gerard et al. (38) noted somewhat similar rhythms in

the cat brain. MacLean and co-workers (77) noticed

olfactory-like "responses' in the cat hippocampus fol-

lowing a variety of stimuli. These changes were seen

in the pyriform cortex and in the hippocampus but

the majority of the changes they reported were fast,

perhaps to be explained from the fact that they ob-

served animals under anesthesia. They mention, how-
ever, that they also saw a theta rhythm response

similar to that of Jung & Kornmiiller (60). Robinson

& Lennox (93) .saw evoked potentials following hip-

pocampal stimulation. Liberson & Akert (67) ob-

served a theta rhythm in the guinea-pig brain follow-

ing what they term "social intercourse.' Green &
Arduini (46) studied the theta rhythm in the rabbit.

They found that it could be elicited by a variety of

stimuli, including visual, auditory, .somatic and

olfactory, as shown in figure 5. It was also seen in the

cat, but with considerably more difficulty. In the

monkey the evoked potential was not difficult to ob-

serve but the theta rhythm was virtually impossible

to .see, excepting under conditions likely to produce

extreme emotional reactions. [This accords with the

observations of Grey Walter (113) on man which are

discussed in Chapter XI in this Handbook.'] This
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In first two records it is shown that re-

moval of the hippocampus does not

entirely eliminate cortical 'arousaP re-

sponse which follows stimulation of

intralaminar thalamic nuclei. In third

record it is seen that, after lesion in dorsal

septal area (destroying much of septum

above anterior commissure, precom-

missural fornix and part of rostral end

of cingulate area), there was no hippo-

campal arousal to an olfactory stimulus.

While this negative result is not strik-

ing, it should be emphasized that these

rabbits were the only ones in which no

hippocampal arousal could be evoked

and it seems to correlate well with re-

sults of section of dorsal fornix (includ-

ing precommissural fornix fibers). In

Itisl record effect of cutting left dorsal

fornix in decorticate animal is seen.

Note that response is abolished on ipsi-

lateral side. [From Green & Arduini

(46).]

rhythm could also he induced by stimulating the

reticular activating system of Moruzzi & Magoun
(81) from the midbrain tegmentum and from points

extending through the lateral hypothalamus to the

septum and back into the hippocampus. No theta

rhythm, however, was ever induced by stimulation

of the hippocampus directly. The theta rhythm could,

however, be traced forward from the hippocampus

into the fornix, mammillary body, mammillothalamic

tract, toward the anterior thalamus, and it was felt

that it could also probably be recorded from the

habenulopeduncular tract, although it was conceiv-

able that this was a volume conduction effect. They
found that destruction of the mammillary body did

not block the theta rhythm in the hippocampus and

that stimulation of the mammillary ljod\ did not in-

duce it. The theta rhythm was not blocked by lesions

in the amygdala nor by removal of the entorhinal

cortex. This latter point has been disputed by Car-

reras et al. (26) who were unable to find the theta

rhythm after the entorhinal cortex was removed, but

it has been confirmed on the other side by Adey el al.

(2). Ricci & Sutin (personal communication) also

stated thay they ob-served the theta rhythm after the

entorhinal cortex had been remo\ed but noted that

before it reappeared a period of shock frequently

ensued in their animals. Green & Arduini (46) con-

cluded that afferents reached the hippocampus by

way of the reticular activating system, hypothalamus

and septum and that efTerents left it by way of the
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postcommissural fornix and mammillary body. An
attempt was also made to remove the hippocampus

to observe vvliat effect this might have on the electrical

activity of the neocortex. The results are shown in

figure 6. After acute bilateral hippocampal ablation,

the cortex was observed to spindle, as in the condition

of relaxation or sleep, and it was found extremely

difhcult to induce arousal of the cortex ijy physiologi-

cal stimuli. Howe\er, stimulation of tiie intralaminar

nuclei still produced desynchronization of the neo-

cortex but only for the duration of tiie stimulus itself

Since in the guinea pig stimulation of the anterior

thalamus and intralaminar nuclei evokes a widespread

recruiting response all over the cerebral cortex, and

since stimulation of the septum produces the saine

effect (50), the possibility is suggested that the an-

terior thalamus and intralaminar nuclei may in some-

way be e.xcited by the reticular acti\ating system and

hippocampus, or possibly septum, and thence in-

fluence the whole of the neocortex. Thus, stimulation

of the intralaminar nuclei after ablation of the hippo-

campus might cause the desynchronization of the

neocortex, but since the main afferent pathway to the

anterior thalamus would be interrupted, physiological

stimuli would fail to arouse the neocortex. Neverthe-

less, it inust be remembered that this type of acute

experiment was performed in a few instances only,

that it is very traumatic and that the animal may have

been comatose for other reasons, for example because

of incidental damage to lower brain-stem structures

or thalamus. It is interesting to note that Akimoto

et at. (9) have recently reproduced Hess' (55) sleep

reaction ijy stimulation of the anterior thalamus at

low frequency ijut obtained arousal at higher fre-

quencies.

Records from single cells in tlie hippocainpus of the

cat (15, 16) or rabbit (49) indicate that single cells

are also responsive. Incidental obser\ations of this

kind were also made by Tasaki et al. (iio) in the

course of a study on the lateral geniculate body. In the

case of visual stimuli, as shown in figure 7, Green &
Machne (49) found that rh\lhmic imit bursts oc-

curred at approximately the frequency of the theta

rhythm although they were rarely, if ever, in exact

phase. They had more difficulty in seeing any svn-

chronization with other forms of afferent stimulation.

Hippocampal units seemed to respond specifically to

one mode of peripheral stimulation only, providing

the electrode was in the hippocampal pyramids.

About half a millimeter below the surface of the hip-

pocampus, where the electrode would be expected to

enter the dendritic layer, no spontaneous activity

occurred. This persisted for a further 1.5 mm, after

which units were again seen responding either to

specific modalities or to a variety of modalities. At

this time, presumably, the electrode tip was either in

the granule cells of the gyrus dentatus or in area

hj_5. In this regjion, just within the layer of granule

cells in the gyrus dentatus, there are a number of

Golgi type II neurons which seem to link adjacent

groups of dentate granule cells. This seems to suggest

that there might be a one-for-one relationship between

granule cells and pyramidal cells but that the Golgi

type II neurons might respond to a variety of

modalities.

The evoked potential following physiological

afferent stimulation has not been studied greatly. It is

readily seen in the monkey despite the difficulty of

obtaining the theta rhythm. Green & Adey (45)

noticed that it could be obser\ed readily in the cat

but seemed very sensitive to anoxia, and that it failed

quickly with repetitive stimulation, responding best

at intervals of aijout once every 30 sec. Adey et al. (2)

have noticed both the evoked potential and theta

rhythm in the Australian phalanger, Trichosuras

riilpecula, where its characteristics seem to be not un-

like those seen in the cat.

At present, then, we are not in a position to assign

any specific functions to the hippocampus. Among
suggestions that have been made are: a) that it is

concerned in emotion (83), a view discussed by

Brady in Chapter LXIII of this work; h) that it is

concerned in visceral activity (65, 74); c) that it is

concerned with memory mechanisms (78); d) that it is

part of a general forebrain suppressor system (61);

(') that its activity might, in some way, he the converse

of that of the neocortex on the reticular activating

system (46). At the present time none of these sug-

gestions can be taken altogether seriously. Howe\'er,

it is possible that the rhinencephalon, placing upon

the rostral part of the reticular activating system, in

some way modulates the activity of the cerebral

cortex, perhaps enhancing or suppressing it, or being

concerned with preservation of activity within the

cerebral cortex. All speculations about memory,

emotion and visceral activity face one serious stum-

bling block: the susceptibility of the hippocampal

formation to seizure discharge, for if seizures may
result either from stimulation of the hippocampus or

from lesions in tiie hippocampus, and if these seizures

spread to other areas of the brain, then great re-

strictions must he placed upon the interpretation of

data depending upon stimulation or lesion-making,

for the seizure effects may arise not from the hippo-
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campus itselt Ijut from some other region in which

seizure activity is induced.

Field Potentials and Unit Activity

Renshaw et al. (92) in an early study of subcortical

unit activity investigated the hippocampus and drew

attention to the advantages of its single lamina of cells.

While the neocortex has six recognized laminae in

which axons, dendrites and cell bodies are almost in-

extricably intermingled, the pyramidal cell layer of

the hippocampus is arranged with the somata tightly

packed together, with the apical dendrites passing

centripetally and the axons and basal dendrites

passing at first centrifugally. The axons then turn in

the alveus at right angles forming a thin surface layer.

The hippocampus may be approached by removing

the cortex and corpus callosum above the lateral

ventricles in animals which possess a dorsal hippo-

campus, such as the cat. The blood supply enters

the hippocampus from the septal arteries, a series of

branches which emerge from an arterial arcade formed

by the anterior and posterior choroidal arteries. This

group of septal vessels penetrates between the gyrus

dentatus and the hippocainpus and supplies Amnion's

horn from this cleft which, however, is incompletely

filled with pia and is crossed by part of the temporo-

ammonic tract system of fibers. The result is that

when the hippocampus is exposed from above, it is

approached \'ia the ependyma rather than the pia.

Its blood supply entering from below is not

endangered. Under these circumstances, Green &
Adey (45) were able to isolate the hippocampus by

sectioning the fornix and the psalterium, and by re-

moving the entorhinal cortex and amygdala. A single

hippocampus isolated in this way is silent during acute

experiments lasting .several hours. A single shock

applied to the hippocampus may be followed by an

evoked potential in almost any other part of the struc-

ture. A single shock to the fornix under these circum-

stances also activates the hippocampus. If this re-

sponse is recorded with active electrodes on the surface

of the hippocampus, it is found not to be altered by

making a circumscribed cut around the point from

which the record is taken (45, 1 12), providing this cut

extends half a millimeter or so, and no more, beneath

the surface. A deep cut, parallel to the fimbria,

abolishes or greatly modifies the response. It was con-

cluded that the response recorded with a latency of 4

to 5 msec, was postsynaptic, for it was greatly de-

pressed by anoxemia and by pentobarbital, and it was

potentiated by strychnine or by repetitive stimulation

and showed, in addition, tetanic and posttetanic po-

tentiation. It was also concluded that the afferents
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evokina: the response did not reach the liippocampal

pyramids through the alveus. The possibihty of direct

axon collaterals, therefore, seems rather remote. The

usual point of recording corresponded roughly to

field hj. It is conceivable that axon collaterals, acti-

vated antidromically in, sa\-, area ha secondarily

acti\ate neurons in area h->. Since the latency of the

response was about 4 msec, it was considered that at

least two synapses might be inxolved. Since Lorente

de No (72, 73) had described afferent pathways

reaching the dentate gyrus from the fimbria, it seemed

not unreasonable that the primary relay might be in

the dentate gyrus, that the known pathway from the

granule cells to the pyramidal cells might be involved,

and that the secondary relay would then be in the

pvramidal cells, von Euler et al. (112) presented evi-

dence that the main region of depolarization, following

stimulation of the fornix, was around the soma and

basal part of the apical dendrite, but they believe that

repetitive stimulation produces successively greater

dendritic depolarization. Gloor (42) noted unit-like

activity in the dendritic layer following repetitive

stimulation. Buser & Rougeul (24) recorded intra-

cellularly in the hippocampal pyramids and noted

that the spike from the soma was followed by a pro-

longed hypcrpolarization which they attributed to the

dendrites.

Seizure Discharges

Jung (59) demonstrated that, following electro-

shock, the hippocampus showed the lowest threshold

of anv region in the cerebral hemisphere. Kaada (61),

by direct stimulation, found that the hippocampus

was second only in sensitivity to the pyriform-

amygdaloid region. Green & Morin (50, 80),

Green & .Shimamoto (51), .Segundo et al. (100) and

Creutzfeldt (29) determined that in curarized animals

the hippocampus had an exceedingly low threshold

and that it could be stimulated to paroxysmal electri-

cal discharge simply by the insertion of an electrode,

by lightly stroking the fimbria with a thread of cotton

soaked in saline or by pricking it lightly with a fine

needle. Andy & Akert (14) also found a very low

threshold ijut suggested that tubocurarine had in-

fluenced the level of excitability. Liberson & Cadilhac

(68-70) similarly found an exceedingly low threshold,

as low as any other part of the brain. The concensus

supports this observation. Personal experience indi-

cates that in the unanesthetized animal the threshold

is virtually as low as in the curarized animal. Seizure

discharges propagate from the hippocampus in all

directions, but they are not dependent upon external

connections. Thus, seizure discharges can easily be

induced in the isolated hippocampus (45), as well as

after severing the hippocampal connections one by

one (51). Morin & Green (80) and Green & Shima-

moto (51) found that the seizure discharges were

propagated into the temporal lobe even though the

fornix was severed. At first sight, it would seem reason-

able that the generalization of the hippocampal dis-

charge might be through the fornix, mammillary body

and anterior thalamus, and thence, diffusely, to the

rest of the hemisphere. However, generalized dis-

charges in the hemisphere may be induced even after

the fornix has been completely removed by suction,

together with the thalamus, hypothalamus and reticu-

lar activating system back to the midbrain tegmentum

(51 ). \. clue to a possible way in which this may occur

is suggested by the studies of Green & Adey (45) and

Adey et al. (2) who found that stimulation of the

hippocampus evoked responses in the entorhinal area

in apparent opposition to the main known anatomical

course of axons in this region. However, von Euler

et al. (112) also obtained evidence that seizure dis-

charges might propagate ephaptically from the hippo-

campus, via dendritic processes (perhaps to the en-

torhinal cortex), and such propagation is not unlikely

in view of the observations of Bremer (2 1 ) on the

synchronization of strychnine seizures in the cord,

those of Gerard & Libet (37) on the caffeine wave in

the frog brain, and those of Rosenblueth & Cannon

(98) and Rosenblueth el al. (97) on seizure discharges

in the cat cortex. The conclusion may, indeed, be

drawn that seizure discharges propagate both by

axonal pathways, for example in the so-called reflex

epilepsies of Amantea (13), as was demonstrated long

ago by Bubnoff & Heidenhain (23), and by routes

which are not strictly anatomical pathways but

simply regions of contiguity.

Liberson & Cadilhac (69) have carried out studies

on hippocampal seizures in the guinea pig. In par-

ticular, they have undertaken to measure seizure

thresholds in terms of number and duration, as well as

amplitude of applied pulses, and have observed direct

current shifts in hippocampal seizures, von Euler

et al. (112) also observed a direct current shift during

hippocampal after-di.scharges and found that the

dendritic layer tended to show a negative shift whereas

the axonal layer on the surface of the hippocampus

shifted in the opposite direction. Thus, the seizure

seems to induce a polarization of the cell somewhat

along the lines visualized by Gesell (40) or by Libet &
Gerard (71 ).
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In cats electrolytic lesions in the hippocampus in-

duce seizures which show most of the characteristics

of psychomotor epilepsy (47). Seizures may also occur

as the result of secondary injury to the hippocampus

when the region of primary destruction is elsewhere,

particularly in the amygdala (47; Naquet, R., et al.,

personal communication). Lesions involving the

medial part of the amygdala in the cat frequently

interrupt the anterior choroidal artery. When this

happens, there is a destruction of many of the cells

within the hippocampus, JDoth \entral and dorsal.

Animals with this type of lesion show motor fits,

usuallv of a clonic type, with a march from the face

through the neck, forelimbs, trunk, to the hind limbs,

accompanied by salivation and often preceded by

prodromal 'arrest reactions' or by more complex

signs, for example pouncing as if to catch a small

animal, striking or patting at the air, or signs sug-

gestive of fear. \'ery often these seizures may be

triggered by peripheral stimulation, by touching the

animal, by repetitive click stimulation or by strobo-

scopic stimulation. The same forms of stimuli also at

times induced what appeared to be sensory fits. The
animals may show apparent fear, retreating from the

investigator, crouching at the back of the cage, snarl-

ing and hissing, and showing dilated pupils and

piloerection. Sometimes this does not appear in-

stantaneously but only after a more or less prolonged

period of afferent stimulation. Sometimes when the

animal is stroked, regions of hyperesthesia seem to

appear and the animal will strike out at the investi-

gator when certain parts of the body are reached,

especially in the region of the pelvis and axilla. The
onset of such a "seizure" is most commonly initiated

by an arrest reaction in which the animal suddenly

ceases whatever it is doing, remains motionless for a

few seconds and possibly looks around in a worried

fashion. At times such behavior is not accompanied by

any further signs, although after a period of peripheral

stimulation, as previously described, the animal may
show what seem to be unreasoning fears, for example

fear of kittens or of other small animals. Studies on

conditioning by MacLean (75) and by Lissak (per-

sonal communication) seem to indicate that hippo-

campal stimulation will cause the arrest of a con-

ditioned response.

General Conclusions on Functional

Role of the Hippocampus

Because of the su.sceptibility of the hippocampus to

seizure discharges, and because these seizure dis-

charges are accompanied by a condition resembling

psychomotor epilepsy notably a.ssociated with prodro-

mal signs and hallucinations, it is evident that at the

present time great caution must be applied in inter-

preting its functional role. This caution is especially

emphasized by the absence of clear-cut effects re-

sulting from destruction of the main efferent pathways

in the fornix. The rhinencephalon occupies a phylo-

genetic position midway between those of the reticular

activating system, the midbrain tegmentum and

thalamus, and that of the neocortex. Within the

rhinencephalon the hippocampus and piriform cortex

may be considered to represent the ancient cerebral

hemisphere, or ancient cortex, of primitive verte-

brates. It is reasonable to suppose that, of all rhinen-

cephalic structures, the hippocampus represents

perhaps the highest level of integration. It is clearly

established that it is in important relationship with the

reticular activating system and it seems reasonable to

suppose that it modifies the latter's activity, but at the

present our knowledge has done little more than con-

firm the predictions of Herrick in 1933 (53). How-
ever, evidence is accumulating to suggest the partici-

pation of Amnion's horn in 'emotional' responses.
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CHAPTER L V 1

1

Electrical stimulation of the hippocampus in man

G. PAMPIGLIONE*
MURRAY A. FALCONER

Guy's-Maudsley Neurosurgical Unit and The Institute of

Psychiatry, London University, England

A CONSIDERABLE VOLUME OF DATA has accumulated

in the literature on the physiology of the hippocampal

region since publication of the contradictory inter-

pretations of Ferrier (5), Spencer (23) and Ossipoff

(14) based on experimental work on animals. Re-

cently Kaada (9), Macchi {13). Gastaut (6), Cadilhac

(i), Green & Adey (8) and Green in the preceding

chapter of this work have added to our knowledge of

the function of the hippocampus in animals and re-

viewed the previous papers on the subject.

Electrophysiological observations in man however

are scanty, and small groups of patients have been

studied without uniform technique and often with-

out anatomical control. The difficulty of approaching

the hippocampal region in man is probably the main

reason for the small numl)er of published reports in

spite of the growing interest of clinicians and neuro-

surgeons in the possible role of this area of the brain

in health and disease.

The nomenclature of the cerebral structures in-

cluded in the so-called rhinencephalon of man is

somewhat confused in the literature [for discussion

see (i, 13)]. In the present review we shall make a

distinction between the hippocampus (Aminon's

horn, cornu ammonis or hippocampal formation,

including the gyrus dentatus) and the hippocampal

con\'olution (gyrus hippocampi, fifth temporal con-

\olvuion or gyrus uncinatiis).' The hippocampus

forms the floor of the temporal horn of the lateral

ventricle and the hippocampal fissure separates the

* Present address: The Hospital for .Sick Children, London,

England.

' 'Hippocampal convolution' as used in this chapter is equiv-

alent to 'entorhinal area' as used by Green in the preceding

chapter— [Ed.j.

hippocampus proper (including the subicular region)

from the hippocampal convolution. Ontogenetically

both the dorsal and the rostral hippocampus in man
undergo very early regressive changes and these

structures have probably only vestigial importance

after fetal life, in contrast to certain animals where

the olfactovegetative association areas remain ex-

tensi\e (12, 13). The uncus is the rostral portion of

the hippocampal convolution and is therefore sepa-

rate from the hippocampus proper. The vague term

of hippocampal region will be used in this paper to

include the hippocampus, the hippocampal gyrus

and the uncus.

The few observations upon the effects of electrical

stimulation of the hippocampal region in man in the

literature fall into three main groups according to

the approach used.

a) .Stimulation of the hippocampal convolution,

uncus, tip of the temporal lolje and the region of the

amygdaloid complex has been undertaken in the

intact brain by applying the stimulating electrodes

to the cortex of the inferior surface of the temporal

lobe after it had been lifted slightly from the floor of

the middle fossa. This approach has been used by

Chapman et al. (3), Libenson et al. (11), Kaada (9),

Sloan (/ al. (22), Kaada & Jasper (10), Glusman

et al. (7), Pool (21), Chapman et al. (4) and Penfield

& Jasper (20).

/)) The proximal end of the hippocampus has

been stimulated during the operations of hemi-

spherectomy or temporal lobectomy after most of

the temporal cortex had been remo\ed. The stimu-

lating electrodes were placed either on the cut

surface of the hippocampus or on its superior surface.

Workers using this technique include Penfield &

'391
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Ericksoii (19), Passouant et al. (17), Passouant et al.

{18), Penfield & Jasper (20), Pool (21) and Cladilliac

(I).

c) Stimulation of the upper surface of the hippo-

campus has been accomplished with minimal inter-

ference to surrounding structures by approaching it

through the ventricle without severing the anterior

or inferior part of the temporal lobe, as has been

done by Pampiglione & Falconer (15, 16).

One must remember that in all these observations

the experimental subjects were patients with some

disorder of cerebral origin, often involving the

stimulated areas. Hence a full evaluation of the re-

sults is difhcult. In addition the methods of stimu-

lating differed widely from one observer to the other;

square wave pulses, sine waves, saw-tooth waves

have been used with a variety of pulse frequencies

and duration. Furthermore the patients studied

were either under general or under local anesthesia.

It is not surprising therefore that no uniformity of

results has been found. However, some patients

with similar disorders were stimulated under com-

parable conditions, and in these certain \alid com-

parisons may be made.

In patients in whom electrical stimulation was

applied to the inferior surface of the temporal lobe,

as in a) above, arrest of respiration appeared to be

the most commonly-elicited phenomenon. Kaada

(g), quoting his observations with Penfield and Jasper

in eight patients stimulated under local analgesia

with 4 v. saw-tooth waves at 60 per sec, says that

arrest of breathing could be obtained from points

on the anterior portion of the hippocampal gyrus

and adjacent portion of the temporal lobe. Arrest

of breathing however also followed stimulation of the

insula. The respiratory arrest was invariably in ex-

piration and appeared promptly upon application of

the stimulus and lasted during the entire period of

stimulation (3 to 30 sec), occasionally interrupted

by a deep breath. Mechanical stimulation (suction)

in the same area produced respiratory arrest in one

patient for 56 sec. This author mentions that his

patients were partly able to overcome the respiratory

arrest when asked to count, but there was also some

tendency to close the eyes and to feel tired and sleepy.

This comment appears of particular importance as

it suggests that the apparent loss of contact recorded

after hippocampal stimulation by Cadilhac (
i

) and

Pampiglione & Falconer (16) was probably not

related only to respiratory arrest. An interference

with breathing was found by Glusman et al. (7) to

follow stimulation of the unciis in six psychotic pa-

tients (4 to 12 V. square pulses lasting 2.5 to 5.0

msec, at a rate of 30 to 100 per sec. being used).

Arrest of respiration however was also recorded by

other workers stimulating not only the hippocampal

region (3, 11, 17, 21) but also other regions of the

temporal lobe, the frontal lobe, the thalamus, etc.

[for discussion see (i)]. Thus, it seems possible that

the respiratory arrest appearing after stimulation in

man may not be a specific feature of any of the stimu-

lated areas. Moreover Pampiglione & Falconer

(unpublished observations) noticed that respiratory

arrest produced by stimulating the hippocampus

appeared only in their patients under general anes-

thesia and not in their conscious patients. Similar

comments might be made concerning the observation

of mydriasis reported by some authors as discussed

by Cadilhac (
i

).

Stimulation of the hippocampus after temporal

lobectomy, as in b) above, produced no observable

changes according to Penfield & Erickson (19), but

Pool (21) and Passouant et al. (17) noted in some

cases mydriasis and in others respiratory arrest

without fall in arterial pressure. One of the 1 5 pa-

tients operated upon under local anesthesia by

Passouant et al. (17] clearly appeared to stop his

conversation with the anesthetist at the time of the

hippocampal discharge, which followed stimulation,

and was unresponsi\e when called by name or when

sensory stimuli were applied. It is not specified

whether the operation had been performed over the

dominant or nondominant cerebral hemisphere. In

most instances the clinical phenomena produced by

electrical stimulation of the hippocampus after re-

moval of the surrounding structures of the temporal

lobe or e\en after hemispherectomy were few (18).

In fact Passouant et al. (17) remark that the impor-

tance and complexity of electrical manifestations

after stimulation of Amnion's horn contrast with the

poverty of concomitant peripheral phenomena.

In order to assess whether the poverty and incon-

sistency of the clinical manifestations elicited might

be due mainly to the extensive surgical interference

used by other workers, Pampiglione & Falconer (15)

devised a new approach to the hippocampus, as in

c) above, somewhat reminiscent of that used by

Ferrier in a monkey (5). The brain was exposed by

a lateral craniotomy and, after preliminary cortico-

graphic exploration, an oblique incision about 2 cm
long was made in the midtemporal convolution, 5

to 6 cm behind the temporal pole, opening into the

temporal horn of the lateral ventricle. Under direct

vision throuarh this incision a silver-silver chloride
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ball electrode (i mm in diameter) was slipped over

the anterior portion of the hippocampus, the walls

of the temporal horn keeping the electrode and its

insulated flexible lead in place. A second electrode

of the same type was placed over the superior surface

of the hippocampus about 2 or 3 cm behind the first.

Other electrodes were placed over the surface of the

lateral aspect of the exposed temporal cortex in front

of and behind the cut, and over the exposed frontal

and parietal lobe. Still other electrodes were slipped

under the orbital frontal cortex, the temporal pcjle,

the uncus, the anterior and the posterior part of the

hippocampal, the fusiform convolutions, or both of

the last two structures. Scalp electrodes had been

secured over the contralateral hemisphere.

This arrangement was devised in order: a) to

ensure that the electrodes in the depth were actually

in contact with the superior surface of the hippo-

campus with but little disturbance of the brain in its

immediate proximity; b) to record the spontaneous

acti\-ity of the hippocampus simultaneously with

that of the cortex of the hippocampal gvrus, temporal

pole, uncus and other regions of the brain when their

connections were still intact; and c) to collect data

on the subjective and objective phenomena evoked

by electrical stimulation of the hippocampus in

conscious patients.

The stimuli used were 50 per sec. square pulses of

3 msec, duration at 3 to 4 v. (occasionally 6 to 10

v.) applied through the electrodes placed on the

hippocampus for periods from 2 to 10 sec. In contrast

to other workers Pampiglione & Falconer did not

attempt to establish 'threshold values' for either

electrical discharges or clinical phenomena as their

aim was to evoke clinical responses immediately

without preliminary alteration of the 'excitability'

of the area. All 17 patients were suffering from

.seizures deemed to be of temporal lobe origin and

were going to be submitted to temporal lobectomy.

Each one had shown over a period of several months

to several years definite EEG abnorinalities mainly

in the temporal regions. In each patient stimulation

of the hippocampus was performed at least twice,

without displacing the electrodes, the intervals be-

tween stimulations varying from 5 to 20 min., with a

total of 53 stimulations. The temporal lobe later re-

moved in one piece, including the uncus and the

anterior 3 to 4 cm of the hippocampus, was studied

histologically by Cavenagh & Meyer (2).

The clinical and electrographic features varied a

great deal from one patient to another and even in

the same patient for similar parameters of stimula-

tion. On no occasion did a major seizure occur even

when 10 V. were applied. No constant relationship

was found between the duration and pattern of the

electrical changes and the type and duration of .sub-

jective and objective clinical phenomena. Clinical

phenomena closely similar to the patient's spontane-

ous aura or attack were evoked on some occasions,

including 'peculiar sensations,' complex hallucina-

tions, apparent confusion and speech disturbances.

On other occasions the evoked clinical phenomena
were of a kind apparently different from the patient's

spontaneous manifestations. Hallucinations of taste

and smell occurred only once. But often there was a

loss of contact with the patient who, for a few seconds

up to over i min., was unresponsive to sensory and

verbal stimuli and subsequently had amnesia for

this period. Sometimes no clinical changes were

noticed either objectively or subjectively in spite of

prolonged electrical storms being induced, and at

other times the clinical phenomena outlasted the

electrical changes recorded.

The distribution of the electrical discharges was

less variable and on no occasion were gross changes

.seen after hippocampal stimulation in the orbital

and lateral frontoparietal cortex or in the contra-

lateral temporal scalp record. Often the discharges

were limited to the areas of one or the other, or of

both, electrodes placed over the hippocampus. The
temporal pole, the uncus, the hippocampal and

fusiform convolutions were also commonly involved

in the discharges either with or without participa-

tion of the anterior half of the lateral aspect of the

temporal cortex. On the other hand temporal regions

on the lateral aspect behind the level of the cortical

incision were less often involved.

It is interesting to note that, although the clinical

phenomena elicited by Painpiglione & Falconer (15,

16) with this technique were numerous in compari-

son with the reports of other authors, there was a

considerable variability not only from one patient

to another but even in the same patient when stimu-

lation was repeated without displacing the electrodes

and without alteration in the parameters of the

stimulus. In a second report on their experiinents,

Pampiglione & Falconer (16) emphasized that, in

contrast with the observations reported in animals,

electrical stimulation of the hippocampus in man
was never accompanied or followed by genital

sensations, sexual phenomena, tactile sensations,

gross behavioral changes, rages, or prolonged tonic

or clonic movements.

In contrast with the extreme variabilitv of the



'394 HANDBOOK OF PHYSIOLOGY NEUROPHYSUJLOGY II

clinical phenomena observed by the various authors,

there is very little disagreement about the type of

electrical discharges that may follow stimulation of

the hippocampus in man. The excellent descriptions

and illustrations of Cadilhac (i) show that there is a

tendency for prolonged rhythmic discharges in the

hippocampus. There seems to be a rather low thresh-

old in man as well as in other animals for the after-

discharges that follow either electrical or mechanical

stiiTiulation of the hippocampus, but this might vary

somewhat according to the extent of the histological

abnormalities that might be present in one patient

and not in another. In fact increased threshold and

smaller discharges have been reported by Passouant

et al. (i8) in two of their four hemispherectomized

patients; i n these two extensive hippocampal gliosis

was found Similar impressions have been described

by Pampiglione & Falconer (i6), since in their group

of 17 patients in whom histological examination of

the exci.sed temporal lobe and hippocampus was

made, very poor discharges were evoked from the

hippocampus in four patients with severe sclerosis of

this structure.

We may conclude this short review on some effects

of electrical stimulation of the hippocampus in man
by emphasizing that the functional significance of

this structure is still unknown. Various hypotheses

have been advanced since Ferrier (5) cautiously

suggested that a center for touch might be located

there. The detailed observations in man are sparse

and somewhat inconsistent, and even the contribu-

tion of the conscious patient who tries to transmit to

the observer the wealth of the subjective manifesta-

tions has so far failed to support the view that the

hippocampus might be a structure with a single,

definite and invariaijle function.
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ANATOMICAL INTRODUCTION

THE AMYGDALA (synonyms for which are the amvg-

daloid nucleus and the amygdaloid complex) is a

subcortical formation of the rhinencephalon or limi)ic

system. It is included within this system on the grounds

of its phylogenetic history and its fiber connections.

In mammals it represents a mass of gray matter lying

in the depth of the temporal lobe ventral to the

lentiform nucleus with which it is partly continuous.

In the human brain (255) it is part of the uncus of

the hippocampal gyrus and lies anterior to the

rostral end of the pes hippocampi from which it is

separated by the thin ventricular cleft forming the tip

of the temporal horn of the lateral ventricle. Although

essentially a suijcortical structure, the amvgdala

emerges to the cortical surface with its medial part,

thus participating in the formation of the cortex of

the uncus in man or of the anterior piriform lobe in

lower mammalian forms.

The amygdala is subdivided into several subnuclei

which can be identified in all mammalian brains'

(fig. i). These are usually grouped into two nuclear

complexes (122): a) the basolateral complex with the

lateral, the accessory basal and the basal nuclei (the

latter being further subdivided into a large-celled

lateral and a small-celled medial portion) and /;) the

corticomedial complex with the central, medial and

cortical nuclei, the nucleus of the lateral olfactory

tract and the corticoamygdaloid transition area.

Both basolateral and corticomedial complexes merge

anteriorly into the anterior amygdaloid area (62, 109)

and more posteriorly are separated by the small-

celled intercalated masses (109). The designation of

' They have been described in detail for many mammalian
forms: marsupials 126, 131, 162, igi), Insectivora (47, 235,

246), Chiroptera (122, 131, 235), rodents (32, 109, 131, 242,

243, 246, 256), Edentata (233, 235), Carnivora (62, 130, 184,

247), Ungulata (69), Proboscoidea (235), Cetacea (i, 30, 156),

primates (49, 131, 132, 157, 184, 247) and man (31, 46, 118,

132, 164, 177, 235).

1395
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FIG. I. Nuclear subdivisions of the amygdala

in different mammalian species (Nissl stain).

.1.- opposum; B: cat; C man. (.,4, B and C are

all frontal sections oriented in the same way
with medial to the right and lateral to the left.

V. in C indicates the tip of the temporal horn

of the lateral \'entricle.) A and B: L, lateral

nucleus; Bi, basal nucleus, lateral (large-

celled) portion; B,„, basal nucleus, medial

(small-celled I portion; C, central nucleus; M,
medial nucleus; and C«, cortical nucleus. C:

Apt with its subdivisions corresponds to the

lateral nucleus; Api„„f and Api„„ to the

lateral portion of the basal nucleus; Apv with

its subdi\isions and probably also Apip^ to the

medial portion of the basal nucleus; Apm with

its subdivisions to the accessory basal nucleus

which cannot be clearly identified in the opos-

sum and the cat; Asf and pA with their sub-

divisions to the cortical nucleus; prAirir to the

corticoamygdaloid transition area which can

be clearly identified only in primates; sApv and

perhaps sApd to the central nucleus. The medial

nucleus is represented by the area lateral to

psAi wedged in between sApd, Apm,„aci and

Asfid. \_A is a photograph of an original slide

in Dr. E. C. Crosby's collection. C is taken

from Brockhaus (31).]

the nuclei as 'lateral,' 'medial,' etc., indicates their

position in low mammalian forms only (fi,?. i^). Due
to the expansion of the neopallium, the amygdala is

rotated in higher forms until finally in man the lat-

eral nucleus occupies a ventral and the medial nucleus

a dorsal position (fig. iA,B,C) (46, 132, 137). Parallel

to this there is a gradual reduction of the cortico-

medial complex and a continuing development and

differentiation of the basolateral complex which at-

tains its highest complexity in man (31, 46, 1 18).

Ontogenetic and phylogenetic studies show that

the corticomedial and basolateral complexes have a

pallial matrix, whereas the corticomedial complex is

subpallial in origin (119, 132, 164). The corticomedial

complex is phylogenetically older and its primordium

can be traced back to the cyclostomes (48). A well-

circumscribed amygdaloid 'nucleus' appears first in

tailless amphibians, at which stage it originates in

parallel to the emergence of the vomeronasal organ of

Jacobson, from which, in these forms, it receives its

main afferent inflow {113). At this low evolutionary

level the general plan of efferent amygdaloid connec-

tions of higher forms is already laid down. One
system of fibers, including the dorsal olfactory pro-

jection tract of Ramon y Cajal (208), crosses the lat-

eral forebrain bundle dorsally and reaches the septum,

the preoptic region and the hypothalamus; it corre-

sponds to the stria terminalis of higher forms which

swings dorsally around the enormously enlarged

lateral forebrain bundle, now called the internal

capsule. Another system of fibers runs from the

amygdala to septal and preoptic regions crossing the

lateral forebrain bundle ventrally. It corresponds to

the diagonal band of Broca and other less well-

defined ventral amygdalohypothalamic tracts of

higher forms running below the internal capsule. To
this primitive amygdala, which they inherited from

their ampliibian ancestors, the reptilians add a new

element of hypopallial origin. It forms the posterior

part of the dorsal ventricular ridge and probably

corresponds to the basolateral complex of mammals

(37- 45. 48, ii9> 132, 137)-

.AN.^TOMIC.'kL .AND PHYSIOLOGICAL STUDIES

OF .AMYGD.ALOID CONNECTIONS

Afferent Connections

OLF.ACTORY CONNECTIONS .AND OLF.ACTORY FUNCTIONS

OF .AMYGD.AL.A. Among the afferent connections of the
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amygdala only the olfactory fibers are anatomically

well defined. These fibers originate in the olfactory

bulb and reach the amygdala mainly via the lateral

olfactory tract. They teiminate in the corticomedial

complex (2, 8, 42, 109, 122, 130, 132, 157, 162, 180,

igi). Some fibers cross the mid-line in the anterior

commissure and reach the contralateral amygdala

(2, 42).

In the amygdala evoked potentials to electrical

stimulation of the olfactory bulb may be recorded

from the cortical nucleus which forms part of a larger

primary olfactory projection area covering the whole

periamygdaloid cortex (39, 65, 133, 214).

When the olfactory bulb is stimulated with long

pulses (27) or with tripled electrical stimuli (120)

evoked potentials can be elicited in the whole extent

of the amygdaloid complex. However, under these

conditions the amygdala is merely a part of a much
larger cortical and subcortical field activated by

olfactory bulb stimulation which includes large parts

of the striatum, thalainus, hippocampus, brain stem

and cerebellum. In all these areas there is extensive

overlap of olfactory evoked potentials with responses

evoked by other sensory inodalities (52, 120), and

therefore these areas have to be considered as an

unspecific projection field unrelated to olfaction as a

specific sense modality. Only the corticomedial amyg-

daloid complex and the medial portion of the basal

nucleus, where the olfactory responses have a short

latency of about 3 to 5 msec, and where no overlap

with other modalities occurs, can be regarded as part

of the specific olfactory receiving area {120).

With microelectrodes, evoked unitary discharges in

response to electrical stimulation of the olfactory bulb

are found in all subdivisions of the amygdala, except

for the cortical and medial nuclei, usually considered

to be part of the primary olfactory receiving area

(166). The general characteristics of these unitary

responses are similar to those evoked by other sensory

stimuli to be discussed below (p. 1398).

With natural olfactory stimuli a rapid rhythm at

I 2 to 20 cps or even faster with a tendency to occur

in spindles can be evoked in the piriform cortex and

amygdala (4, 6, 38, 39, 59, 103, 172, 173). It is un-

certain, however, whether this activity is specific for

olfaction since it has been observed to occur in re-

sponse to other sensory stimuli (173), to stimulation

of the mesencephalic reticular formation (59) or even

to stimulation of the anterior limbic cortex (133).*

^ These findings are at variance with those of Carreras et al.

(38) who found this response to be specifically olfactory. In

their experiments it could not be elicited by other stimuli which

In view of these anatoinical and electrophysiological

observations, there can be no doubt that the amygdala

receives an important olfactory inflow. Yet the im-

portance of the amygdala for olfaction as a sensory

function still remains uncertain. Anatoinical observa-

tions suggest that the amygdala cannot be very closely

related to the olfactory sense since completely anos-

matic aquatic mammals, like the dolphin or the

porpoi.se, possess a very well-developed airiygdala in

which not even the corticomedial complex shows any

signs of regression, except for the nucleus of the lateral

olfactory tract, and yet there is no trace of an olfac-

tory bulb, tract or prepiriform cortex (i, 30, 156). Fur-

thermore in human brains with agenesis of the olfac-

tory lobes the amygdala appears well developed (54).

This anatomical evidence is supported bv phvsio-

logical oljservations. Rats (238) and dogs (5) with

bilateral destruction of the amygdala still retain the

faculty of olfactory discrimination. Allen (5) found

that the discrimination between a positive and a

negative olfactory conditioned response was lost in

dogs with bilateral amygdaloid-piriform lesions. How-
ever, in view of more recent evidence stressing the

importance of the amygdala in conditioned avoidance

behavior (.see p. 141 1), these results may have to be

reinterpreted. They may indicate interference with

the inotivational forces involved in the particular con-

ditioning procedure used rather than a true disturb-

ance of olfactory discrimination.

Conflicting evidence regarding the olfactory func-

tion of the amygdala is given by human observations.

Some authors (84) found a marked increase in ol-

factory threshold on the operated side after temporal

lobectomy including the amygdala, whereas others

(227) noted no such deficits.

Stimulation studies add little to the problem of

olfactory functions of the amygdala. It is noteworthy

that in man olfactory sensation is far less often pro-

duced by amygdaloid stimulation than other sensory-

experiences (129) (seepage 1398). In animals, sniffing

may be produced by amygdaloid stimulation (87,

135, 155, 172); but this response has to be considered

within the context of other behavioral stimulation

effects and is not necessarily evidence for primary

olfactory representation in tlie amygdala.

OTHER AFFERENT SENSORY CONNECTIONS OF AMYG-

DALA. There is no convincing anatomical evidence

for the presence of nonolfactory sensory afferent

connections to the amygdala, although they have

produced only a low-voltage desynchronization of the electro-

gram as is typical for neocortical arousal.
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FIG. 2. Nerve cell discharges in the central

nucleus of the amygdala evoked by single

shock stimulation of the contralateral sciatic

nerve (&) and of the tooth pulp (Tc) and by

natural somatosensory stimuli, such as light

touch of the fur of the contralateral hind leg

and stretching of the gastrocnemius muscle.

[From Machne & Segundo (i66).]
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been demonstrated electropliysiologically. .Some anat-

omists describe thalamoamygdaloid fibers but their

statements do not seem to Ije well documented (ii8,

177. 184)-

Physiological studies, however, show that evoked

potentials to all sensory modalities can be elicited in

the amygdala (52, 53, 90, 166, 211). For classical

evoked potentials the latency of these responses may
vary from 8 to 25 msec. (52) and for unitary dis-

charges may even measure anywhere from 20 to 500

msec. (166). This suggests mediation over long poly-

synaptic pathways. With the classic evoked-potential

technique, responses to stimulation of the vagus and

lingual nerves were most prominent {52, 53, 172);

but unitary discharges recorded with microelectrodes

seemed to be fired most effectively by somatic sensory

stimuli, especially by a very slight touch to the skin

(fig. 2) {166). These responses were mostly recorded

from the basolateral complex. Responses to auditory

and visual stimuli and to stimulation of the tooth

pulp, presumably eliciting pain, were more difficult

to obtain and more scattered in their distribution

(52, 53, 166). Impulses originating from widely

distant areas of the body surface, as well as impulses

evoked by stimuli of different sensory modalities,

were found to converge upon one and the same

amygdaloid cell. The most frequent type of conver-

gence was that of olfactory and somatosensory signals.

Thus there is no topographical representation of

sensory modalities or local areas of the body. The
specificity of the sensory message is probably lost in

this system, unless a specific temporal pattern of

unitary discharge may serve as a code assuring its

retention, a possibility suggested by some of the re-

ported findings. Units were either directly fired in

response to stimulus or they were activated in their

spontaneous discharge pattern (fig. 2); more rarely.

they were inhibited. Sometimes the response con-

sisted merely of a shift in pace of the unit firing.

In view of their extensive overlapping these sensory

evoked responses, including the olfactory ones, are

probably unrelated to specific perceptual mechanisms

as sucli (52). It is therefore of interest to recall at this

point that the secondary sensory response of Forbes

and Morison, most likely an unspecific sensory mes-

sage, seems to be transmitted to the cortex via a

region close to the temporal horn of the lateral

ventricle, in which the most significant structure is

the anterior pole of the amygdala (189).

Stimulation studies in man give additional evi-

dence that the amygdala is involved in sensory func-

tions (129). Patients in whom the amygdaloid region

was stimulated frequently reported sensory experi-

ences of ill-defined quality. The sensation was often

referred to the body as a whole or to some part of it

such as the head, the abdomen or even the extremities.

Some animal studies also suggest that amygdaloid

stimulation may evoke sensations, for instance when a

cat upon amygdaloid stimulation fixes its gaze on a

particular spot of its body and then proceeds to sniff

and lick it intensely, or when the contralateral paws

are lifted from the floor as if to remove them from an

unpleasant contact (82, 135).

NONSENSORY .AFFERENT CONNECTIONS TO AMYGD.-VL.^.

A few other afferent connections to the amygdala

have been described. Some of them are controversial

from an anatomical point of view and so far unproved

electrophysiologically, such as those from the mid-line

and intralaminar nuclei of the thalamus (165, 203,

204, 215).

Other subcortical structures sending afferent con-

nections to the amygdala are the reticular formation

of the brain stem (166) and the striatum (132). The
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former connections have been demonstrated by elec-

trophysiological means, the latter by anatomical

methods.

Several rhinencephalic connections are sources of

aflferent fibers to the amygdala, among them the

tuberculum olfactorium (118, 122, 137, 157, 206), the

piriform cortex, especially its anterior part (62, 109,

118, 132, 137, 153, 164, 184, 206, 207, 239, 247), and

the hippocampus (104). The existence of these con-

nections has been demonstrated by anatomical and

electrophysiological methods, except for those from

the hippocampus for which so far there is only

electrographic evidence.

Finally there are neocortical afferent connections

to the amygdala. Their anatomical description is still

incomplete (132, 139, 163), but physiological studies

have demonstrated the existence of pathways from

the temporal pole, the first temporal convolution, the

anterior insula, the posterior orbital cortex and from

the motor area to the amygdala (121, 206, 207, 229).

Differential effects upon the amygdaloid responses

were noted on stimulation at a rate of 4 to 8 cps of

the temporal pole and of the first temporal convolu-

tion. The former facilitated whereas the latter in-

hibited the evoked amvgdaloid respon.ses (229).

Efferent Connections

.AN.'VTOMic.^L STUDIES. Subcortical connections^. There are

two main efferent subcortical fiber systems of the

amygdala : a dorsal one, the stria terminalis, swinging

around the bulk of the internal capsule, and a ventral

one, passing underneath it (see below). Of these path-

ways the best known is the stria terminalis of which

several components have been described {26, 62, 63,

108, 109, 122, 137, 233, 256). The pattern of origin

of this bundle from the amygdaloid complex is not

clearly established.

The stria terminalis fibers end in the septal area,

the preoptic region and the hypothalamus. Descrip-

tions of the detailed pattern of their termination

among the preoptic and hypothalamic nuclei are

somewhat contradictory. It seems established how-

ever that the septal and preoptic area, the anterior

hypothalamus and the ventromedial hypothalamic

nucleus are the principal receptors of stria terminalis

fibers. However, connections to all other hypothalamic

areas and nuclei as far back as the premammillary

region have been described by some investigators and

denied by others (3, 21, 28, 108, 137).

' A vast anatomical litcratmc exists on this subject which

cannot possibly be reviewed in detail here. For fuller informa-

tion consult the references listed in footnote i

.

Our anatomical knowledge of the ventral amyg-
clalosubcortical pathways is less precise. Some of the

fibers travel with the diagonal band of Broca and end

in the tuberculum olfactorium and in the septum

(118, 132, 137, 157J, with some fibers entering per-

haps the median forebrain bundle (109). Other fibers

of this system have a less well-defined course (62, 63,

69, 122, 132, 157, 162, 233), .some of them forming a

rather diffuse system (62, 132), others being assembled

into a bimdle homologous with the ventral olfactory

projection tract of lower forms (157, 162), and still

others being associated with the longitudinal associa-

tion bundle (62, 63) or even with the anterior com-

missure (122). These ventral fibers end in the bed

nucleus of the stria terminalis, the septal and pre-

optic region, and in the anterior hypothalamus. Their

projection territory therefore overlaps widely with

that of the stria terminalis. Some fibers may connect

with the entopeduncular nucleus (62), the subthala-

mus (162) or may even descend to the brain-stem

tegmentum (162). There probably exist also some

connections from the amygdala to the basal ganglia,

especially to the putamen and claustrum (109).

Amygdalothalamic fibers have been described by

some anatomists (64, 118), but their existence has

also been denied (31). These fibers supposedly end in

the pulvinar, the dorsomedial, lateralis posterior and

lateralis dorsalis nuclei of the thalamus (64).

ANATOMICAL STUDIES. Cortical connections. Amygdaloid

connections to the cortex are not well known ana-

tomically. Most firmly established are the connec-

tions from the basolateral amygdaloid complex to the

piriform cortex (47, 109, 132, 157, 184).

Amygdalohippocampal connections are described

in normal material by some authors (69, 109, 118,

132, 162, 184); but others, on the basis of careful

histological work including the use of experimental

techniques, come to the conclusion that no direct

amygdalohippocampal connections exist (3, 7, 31).

Still less is known about possible connections to

other cortical areas. Some evidence has been cited

that the cingulum (118), the tip of the temporal lobe

(139) and the insula (163) may receive arnygdaloid

fibers.

ELECTROPHYSIOLOGICAL STUDIES OF EFFERENT AMYG-

DALOID CONNECTIONS. The anatomical findings con-

cerning the efferent projections of the amygdaloid

complex have been essentially confirmed and enlarged

by electrophysiological studies in which evoked re-

sponses to single .shock and repetitive amygdaloid
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Stimulation were mapped out in subcortical and corti-

cal structures (96).

In confirmation of anatomical data it was found

that the subcortical projection areas of the basolateral

and the corticomedial sul)di\ision of the amygdala

overlap widely and that the efferent fibers, as judged

by latency measurements, end in the basal septal

region, the base of the head of the caudate nucleus,

the preoptic area, the anterior hypothalamus and in

the region of the ventromedial hypothalamic nucleus,

the latter receiving direct fibers probably from the

corticomedial complex only. The subcortical area,

from which responses to amygdaloid stimulation were

recorded, was however much larger than this

'primary projection field' and extended back to

the mesencephalic tegmentum, including the re-

mainder of the hypothalamus, the subthalamus, the

entopeduncular nucleus and a small, essentially

anteroventral part of the diffuse thalamic projection

system (see also p. 1401 ). The responses recorded in

this 'secondary projection field" are relayed from the

'primary' area over polysynaptic neuronal links, as

indicated by the rapid and progressive increase of

response latency as the recording electrode is moved
away from the 'primary projection field.'

The two main subdivisions of the amygdala appear

to discharge into the subcortex over two distinctly

different fiber systems. Only the corticomedial com-

plex seems to give origin to stria terminalis fibers

since only in response to stimulation of this part of

the amygdala were short-latency responses recorded

in the stria terminalis. Responses from the basolateral

FIG. 3. Diagram of the neuronal organization of the amygdaloid projection system as revealed

by electrophysiological studies. Ac, nucleus accumbens; Am. b-l., basolateral subdivision of amygdala;

Am.m., corticomedial subdivision of the amygdala; A.X, anterior thalamic nuclei; Cd., caudate

nucleus; CI, inferior coUiculus; Cm, centre median; C.S, superior coUiculus; GL, lateral geniculate

body; Gm, medial geniculate body; Ha, anterior hypothalamus; Hip., hippocampus; Hfi, posterior

hypothalamus; IL, intralaminar nuclei of thalamus; LP, nucleus lateralis posterior thalami; MD,
nucleus medialis dorsalis thalami; A/ft, mesencephalon; .Mm., mammillary body; .\Hirn, nucleus

ventromedialis hvpothalami, Pii/, pulvinar; R, nucleus reticularis thalami; Rel, reticular formation;

RPo, regio preoptica; Spl, septum; and I'a, nucleus ventralis anterior thalami. The dolled area repre-

sents the subcortical integrative areas regulating 'global' mechanisms and the limbic structures

projecting into it. [From Gloor (96).]
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complex may be transmitted over the stria terminalis

as well Ijut with latencies so long as to indicate that

they are synaptically relayed in the corticomedial

nuclei. This would presuppose the existence of an

intraamygdaloid association system with short axons,

a postulate supported by anatomical findings of

various workers (62, 63, 118, 132, 154, Crosby, per-

sonal communication). Direct subcortical connec-

tions from the basolateral complex seem to be identi-

cal with the ventral amygdalosubcortical pathways

described by the anatomists (see p. 1400).

Direct connections from the amygdala to the

mesencephalic tegmentum may also exist in addition

to those relaved over polysynaptic hypothalamic re-

lays of the 'secondary projection field' since some

shorter latencv responses ranging between 10 and 15

msec, reappeared behind the posterior hypothalamus

where the latencies measured between 15 and 25

msec, or even more. It is therefore possible that a

direct amygdalomesencephalic pathway, such as is

known to be present in birds (43, 55, 107, 112) and

reptiles (137), may also exist in mainmals where so

far only scanty evidence for its existence could be

derived from some physiological observations (250)

and from some histological findings in marsupials

(162).

The cortical projection field of the amygdala is

rather restricted. Short-latency responses were re-

corded from the piriform, anterior temporal and

insular cortex. An important but polysynaptic path-

way relays from the amygdala to the hippocampus.

It involves several synapses, presumably in the piri-

form cortex, as suggested by the long latencies of the

hippocampal responses to amygdaloid stimulation

which often exceeded 20 msec. The hippocampal re-

sponses mediated over this pathway inay become very

large with repetitive stimulation, as will be further

described below, suggesting that this connection, al-

though indirect, may be quite important functionally,

a view also expressed by Crosby (personal communi-

cation) on the basis of anatomical studies.

This analysis of the neuronal organization of the

amygdaloid projection systems reveals a very intimate

relationship of the amygdala with highly integrative

subcortical structures (fig. 3). This relationship is not

a simple one; divergent paths from the amygdala

converge again upon common neuronal pools, as

evidenced by the existence of direct and indirect

amygdaloseptal, amygdalohypothalamic and amyg-

dalomesencephalic pathways. Some of the indirect

pathways relay impulses through short intraamyg-

daloid connections. Thus impulses from the baso-

lateral complex may ije conducted to the stria ter-

minalis via the corticomedial nuclei and, finally, both

tiie direct and indirect systems converge upon the

same septohypothalamic zone. In addition there is

still a third possible route with polysynaptic relays via

the piriform cortex to the hippocampus which in its

turn discharges into the same general septohypo-

thalamic zone by way of the fornix. This arrangement,

together with the polysynaptic organization of the

subcortical system upon which these pathways pro-

ject, creates favorable conditions for a very flexible

play of excitatory processes.

This flexibility is clearly revealed when repetitive

electrical stimulation of the amygdala is applied to

the study of its projection system (97). With relatively

low-frequency (10 to 50 cps) repetitive stimulation

the following changes of excitability were observed.

a) Recruitment, i.e. a gradual increase in the

amplitude of the evoked response during repetitive

stimulation (fig. 4), was ordinarily seen but occasion-

ally the opposite phenomenon, a gradual decrease of

the amplitude of the response, for which the term

obliteration was used, appeared.

b) Potentiation, i.e. a state of residual facilitation

outlasting the period of 'tetanic' repetitive stimula-

tion to which it is due, manifests itself by an increased

amplitude of 'posttetanic' single shock responses as

compared to "pretetanic' single shock responses (fig.

4)-

c) Latency changes may be observed, either de-

creases or increases occurring without any constant

correlation with the type of amplitude change.

These three types of changes were, as a rule, more

prominent the longer the latency of the response; in

other words, increase in the number of synaptic pas-

sages seems to amplify the excitatory changes condi-

tioned by repetitive stimulation. Recruitment and

latency changes were absent in the 'primary projec-

tion field' and potentiation here was minimal.'' On
the other hand, such changes were rather prominent

in the 'secondary projection field' and were most

conspicuous in the hippocampus where the longest

latency responses were found. The short latency neo-

cortical responses in the 'temporoinsular' cortex

showed none of these changes.

^ There is evidence however that a certain degree of po-

tentiation already occurs at the actual site of stimulation in the

amygdala. This contention is based on observations that the

utilization time shortens after repetitive amygdaloid stimula-

tion. Thus pre\iously ineffective short pulses may be rendered

effective in the posttetanic phase following a sequence of

repetitive stimuli of long pulse duration (97).
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SINGLE SHOCK

Q « CS.SJ
lO/SEC STIM

3 —

2 _-_^.
3 ——

-

Time intervals

from a f f 2 5 sec

f and g continuous.

H 0.5 sec.

I 2
3

^^-^ jU

FIG. 4. Hippocampal responses to amygdaloid stimulation in the cat showing clear recruitment

and potentiation, a to g/ Bipolar records taken with a horizontal row of four electrodes inserted in

a frontal plane into the portion of the hippocampus where it overlies the pulvinar thalami. Chumii-I

I : Record from electrodes i and 2 located in the pulvinar where it is covered by the hippocampus.

Channel 2: Record firom electrodes 2 and 3, with electrode 2 in the pulvinar and 3 in the hippocam-

pus. Channel 3: Record from electrodes 3 and 4 located in the hippocampus. No responses from the

pulvinar. Gradual build-up of a high-\oltage response in the hippocampus in response to 10 cps

repetitive amygdaloid stimulation. The amplitude of the single-shock response, which is barely

visible at this gain, is increased more than 10 times at the end of the period of repetitive stimula-

tion. On resumption of i cps single-shock stimulation the response shows clear potentiation. The

insets A to D in the upper left show sequences of the same phenomena recorded with a microelectrode.

The tip of the microelectrode lies in the pyramidal layer of the hippocampus. Both tracings are

from the same microelectrode, the upper one taken with a long time constant, the lower one at a higher

gain with an ultrashort time constant. A: Single-shock response; small positive response, no unit

spikes. B: Atter 2.8 sec. of 12 cps amygdaloid stimulation, showing augmentation of the amplitude

of the positive response ('recruitment'), still no unit spike discharge. C: 11 sec. later during 12 cps

repetitive amygdaloid stimulation; pyramidal cell recruited into firing as evidenced by unit spike

discharging on top of a negative deflection which has developed in the trough of the initial positive

response. D: Second posttetanic potentiated response; unit fired as in C. Calibration for a to g,

5000 fiv; for .'1 to D, 250 mv. Time scale in A to D, 10 msec. [Modified from Gloor (97, loi).]

In ihe hippocampus the different aspects of these

excitatory processes were most consistent with each

other (fig. 4); prominent, slow and gradual recruit-

ment was followed by marked potentiation and this

was often associated with a decrease in latency. In

other parts of the amygdaloid projection system, how-

ever, these different excitatory changes were often

dissociated; for instance, in ihc ventromedial hypo-

thalamic nucleus where recruitment was aliscni or

minimal, potentiation was very prominent; again, in

the upper brain stem and in the piriform cortex, re-

cruitment was often associated with a seemingly para-

doxical increase of the response latency.

Some of the discrete neuronal mechanisms under-
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lying these changes were recently investigated more

thoroughly with microelectrode techniques (98). Re-

cruitment and potentiation occurring in response to

amygdaloid stimulation were studied in the hippo-

campus. It was found that the excitatory changes

underlving recruitment and potentiation take place

in the layer of the long apical dendrites of the hippo-

campal pyramidal cells since the maximum negative

wave or 'sink' of the response was localized in the

dendritic layer. The slow dendritic response to single

shock often was not associated with propagated dis-

charge from the pyramidal cells. A progressive

i)uild-up of the dendritic excitatory state was re-

c|uired to enable the pyramidal cell to fire off action

potentials. This was signaled by the appearance of imit

spikes riding on the crest of a negative deflection

within the trough of the positive wave which was the

electrical sign of the evoked dendritic response when
recorded from within the cell layer (fig. 4.I to D).

Since these excitatory changes are most prominent

with polysynaptic responses, it is proiiable that this

modulating dendritic mechansim may operate at

successive synaptic junctions, thus amplifying the

eflfects with each synaptic passage. Some of these

synaptic way stations inay actually be present within

the intraamygdaloid association system since it was

observed that the stria terminalis response may be-

come quite complex under the influence of repetitive

amygdaloid stimulation. It is thus apparent that the

rate of amygdaloid firing is capable of regulating the

mode of transmission of the responses in a very large

degree. Certain synaptic barriers are not transgressed

under certain conditions, but under others facilitatory

processes may build up to open these synaptic barriers.

The mechanisms underlying the changes in latency

still remain unclear. Decrease in latency may be due

in some cases to shortening of synaptic delays due to

the facilitatory effect of dendritic depolarization. In

other cases latency changes may be due to differential

facilitatory effects within vicarious routes involving a

greater or smaller number of synaptic stations. If the

excitatory changes induced by repetitive stimulation

favor conduction over the shorter pathways, the

latency will decrease; if, on the contrary, facilitation

occurs predominantly in more involved pathways,

then the latency will increase and yet the response

will recruit.

Commissural Connections

Fibers of the anterior commissure connect the

amygdala with its fellow on the contralateral side.

The.se fibers enter the commissure directly, except for

those forining the commissural component of the stria

terminalis which run with this bundle first until it

crosses the anterior commissure (26, 66, 109, 122,

130, 132, 233). The amygdaloid fibers taking a direct

course into the anterior commissure were for a long

time believed to originate from the basolateral

amygdala (118, 122, 130, 157, 256), but more re-

cently Brodal (33) has demonstrated that they orig-

inate in the corticomedial complex. No detailed

electrophysiological studies on these commissural

connections have so far been reported.

ELECTRICAL ACTIVITY OF ."WIY'GDALA

The spontaneous amygdaloid electrogram in cats

shows irregular 4 to 6 cps rhythms of 100 to 200 /iv

amplitude (103). Often rapid spindles at 16 to 26 cps

are seen which tend to be synchronous with the

respiratory rhythm, are usually arrested by blocking

of the nasal airway and are enhanced by olfactory

(103, 172) or reticular (59) stimulation. This activa-

tion may therefore represent the arousal pattern of

theamygdala (see footnote on p. 1397). Other studies

(20) however revealed no change in the amygdaloid

electrogram upon reticular stimulation. Some ob-

servers (158) recorded spontaneous spike discharges

from the amygdala, but it seems that this must be

interpreted as an injury discharge (102).

STIMULATION STUDIES

Excitabilily

Electrical stimulation of tiie amygdala and the

neighboring cortex shows that this region is electrically

highly excitable. Stimulation responses as well as

seizure discharges are elicited at a threshold which is

generally lower than that in other parts of the brain,

except for the hippocampus (93, 133, 160, 175, 190).

Electrocorticographic Responses

Electrical stimulation of the amygdala is apt to

produce diflTu.se flattening of the cortical electrogram

together with an increase in background frequency

and asynchrony (20, 59-61, 133). Simultaneously,

barbiturate spindle bursts, slow waves and epilepti-

form spikes, including those evoked by a weak

strychnine solution may be suppressed. These
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clectrocorticographic responses are in all points simi-

lar, if not identical, with the 'arousal response' as

elicited by stimulation of the brain-stem reticular for-

mation (59). Furthermore the amygdaloid 'arousal"

pattern with activation of the fast spindles (see p. 1 403

)

can be elicited in one anngdala by stimulating the

contralateral amygdala. These observations suggest a

close relationship of the amygdaloid complex with

subcortical regions exerting diffuse regulatory effects

upon the electrical activity of the cortex.

Effects upon Spoiilariiutts or Evoked Soniiildinohn Activities

Spontaneous mo\ements going on at the time of

onset of amygdaloid stimulation are usually arrested

therein-. Thus in anesthetized preparations shivering,

struggling and spontaneous chloralose-jerks are in-

hibited and there is concomitant reduction in muscle

tone (133, 135). In unanesthetized animals this

'arrest' reaction assumes the form of a sudden cessa-

tion of motor activities in which the animal is engaged

at the time of onset of stimulation. In the awake

animal there is usually no decrease but an increase in

muscle tone when this 'arrest' reaction occurs (72,

133, 172, 190, 245).

Spinal reflexes and cortically evoked movements

are facilitated or inhibited (fig. 5.-1) by amygdaloid

stimulation (133). Points producing facilitation and

those eliciting inhibition are not clearly separated but

overlap extensively.

Motor Responses

In awake freely moving animals a variety of tonic

movements can be elicited by stimulation of the

amygdala. The most frequent response is contraver-

sive turning of the head and eyes, sometimes together

with rotation inducing a posture as if the animal were

looking backward over its shoulder. More rarely,

vertical head movements are seen. If stimulation is

maintained, the animal may be induced to circle

around or to roll over on its side (11, 13, 22, 73, 87,

88, 133, 135, 155. 175. 190, 245).

Sometimes postural movements of the extremities

are elicited. They usually invoke flexion of the con-

tralateral and extension of the ipsilateral limbs (135).

Similar tonic movements are also observed in man

(61, 129).

Clonic rhythmic movements are sometimes induced

by amygdaloid stimulation. Most often these involve

the ipsilateral face" (11, 13, 22, 23, 72, 73, 87, 152,

172, 175, 190, 239, 245); more rarely, the extremities

(87> -S.^))-

Complex rhvthmic movements related to eating,

such as licking, chewing and swallowing, are fre-

quently obserxed upon amygdaloid stimulation. Often

a latent period of 5 to 20 sec. elapses between the onset

of stimulation and their appearance (11, 13, 22, 72,

73, 87, 88, 129, 133, 135, 172, 175, 186, 190, 209,

239, 245). In .some instances these 'masticatory' move-

ments assume a different character and the animal

acts as if trying to disgorge a foreign body or something

distasteful. This often leads to gagging and retchina;,

but seldom to true \()UHtins; (72, 73, 87, 172, 190,

-'45)-

Rarely, vocalization occurs upon stimulation of the

amysdala (72, 168, 172, 190, 245).

[ 'egetdlive Responses

Respiratory changes are very frequently elicited by

amygdaloid stimulation. These may affect all physical

characteristics of respiration, such as rhythm, ampli-

tude and rest position of the thorax (72). The most

frequent response is inhibition of respiration (fig. 5.-1)

affecting both rhythm and amplitude (11, 12, 72, 88,

133, 135, 160, 172, 201, 245). Often there is respira-

tory arrest with escape 25 to 60 .sec. later. Acceleration

of respiration (fig. ^fi), with increased or decreased

amplitude, often preceded by a short period of

apnea, is less frequently seen (12, 72, 88, 146, 147,

172, 190). Specific modifications of respiration, such

as sniffing, sneezing and coughing, are also sometimes

produced (72, 88, 133, 155, 175, 190).

\'arious cardiovascular responses occur upon amyg-

daloid stimulation (11, 12, 22, 41, 72, 88, 149, 168,

172, 188, I go, 201). Both increase and decrease in

arterial pressure and more rarelv, acceleration or

slowing of the heart beat can be produced. Chans;es

in heart rate do not show anv consistent relationship

with the direction of the arterial pressure response

(12).

Gastrointestinal motility and secretion can be in-

hibited (fig. 5/)) or activated by amygdaloid stimula-

tion (11, 15, 56, 149, 150). Defecation (fig. 6) and

even more frequently micturition may l)e induced,

' Since these movements often appear only after some latent

period, do not follow the frequency of the applied electrical

stimuli, may outlast the end of the stimulation and cannot be

reproduced by stimulation of adjacent parts of the brain or the

dura covering the middle fossa, they cannot be attributed to

spread of current to the facial nerve.



AMYGDALA 1 405

etSP.

AA/JA;\Aju_^A^JillUX

FIG. 5. Examples of various amygdaloid stimulation responses. A: Inhibition of the knee jerk

elicited every 2 sec. (upper tracing) and of respiration [loiver tracing) in the cat. [Prom Kaada (133)-]

R: Activation of respiration by amygdaloid stimulation in the cat. [From Koikegami & Fuse (146).]

C: Increase in uterine tonus and contractions followed by a short phase of inhibition in response to

amygdaloid stimulation in the rabbit. [From Koikegami cl al. (151).] D: Inhibition of activity of

small intestine produced by amygdaloid stimulation in the cat. [From Koikegami ct al. (149).]

and often the animal assumes its habitual posture to

perform these acts (ii, 72, 82, 87, 88, 133, 135, 168,

172, 175, 190, 245).

Amygdaloid stimulation also influences uterine

tone and contractions (fig. 5C). The response is

diphasic, with an initial period of activation followed

by inhibition, and is most marked during estrus and

feeble during the luteal phase and earlv pregnancy

(15O.

Pupillary dilatation is often elicited with retraction

of the nictitating membrane and slight exophthalmus

(11, 13, 41, 72, 133, 135, 152, 168, 172, 175, 190,

209, 239, 245). More rarely pupillary constriction is

seen (13, 152, 172) or dilatation interrupted h\ an

interim period of constriction (72).

Other vegetative responses reported are piloerection

(72, 135, 168, 172, 175, 190, 245), secretion of a

thick sympathetic type of saliva (fig. 6) or, more

rarely, of a thin parasympathetic type (11, 13, 22, 72,

73. 87. i35> h8, 155. 168, 172, 190, 209, 239, 245),

and also secretion of the lacrymal and nasal glands

(11, 13, 22, 72, 73, 155, 168, 172, 175, 190).

Finally, it has been claimed that amygdaloid stimu-

lation may influence the body temperature so as to

produce an initial drop of about 1 °C for 40 to 45

min., followed after 3 to 8 hr. by a peak of tempera-

ture of about 2°C above the initial value, with gradual

return to normal in about 24 hr. (150). Unfortunately,

the absence of adequate controls makes e\'aluation of

these results diflicult.

Endocrine Riwponses

In the female rabbit amygdaloid stimulation seems

to elicit release of gonadotrophic hormone from the

pituitary, as judged from the occurrence of ovulation

(151, 221). This effect is said to occur very frequently

during estrus and some response can even be ob-

tained in the anestrus phase, as evidenced i)y the

presence of enlarged and sometimes hemorrhagic

follicles.
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FIG. b. Salivation and posture of defecation elicited by

amygdaloid stimulation in the cat. [From Anand & Dua (13).]

Information in regard to other endocrine glands

is scanty. An increase in blood sugar concentration

is sometimes noted after amygdaloid stimulation

and thought to be evidence for epinephrine discharge

(11, 14). Occasionally the opposite is seen, suggesting

activation of insulin secretion (14). Recently, Mason

(
1
78) has observed that amygdaloid stimulation

produces unmistakaljle signs of ACTH release Ijy the

pituitary gland.

Integrated Behavioral Responses and Psyc/iic Phenomena

FEEDING BEHAVIOR. Sniffing, oftcn along the floor,

together with searching movements are common
effects of amygdaloid stimulation (11, 72, 87, 88, i3;3,

135, 155, 168, 172, 175, 190). Repeated short amygda-

loid stimulations may induce increased nuzzling,

sniffing and licking for one or se\eral days (9). After

amygdaloid stimulation, food is eaten avidly {72).

However there seems to be no increase in the amount

of food intake (11, 13, 50).

ATTENTION, FEAR .\ND RAGE. The most cominon be-

havioral responses elicited by stimulation of the

amygdala are reactions of attention, fear and rage

(11, 13, 51, 72, 82, 87, 88, 135, 155, 168, 172, 175,

186, 187, 190, 245), three types of behavior which

apparently are closely interrelated since, upon in-

creasing the intensity of stimulation, attention will

merge into fear and finally lead to rage (72). In man,

fear is occasionally, and rage only rarely elicited by

amygdaloid stimulation (41, iii, 129). The attentive

response is associated with arrest of ongoing behavior

and with the usual somatomotor and autonomic

changes attending a normal attentive response of the

animal. The same principle holds for fear and rage

which also are accompanied by the typical postural

and autonomic changes correlated with these forms

of behavior. The rage reaction may lead to an attack

which may be well directed (172) or not (88).

Gastaut and co-workers (88) pointed out that the

sequence of attention, fear and rage corresponds

closely to Pavlov's (196) 'orienting reflex" and to its

modifications occurring with increasing intensity of

the alerting stimulus. The vegetative changes at-

tending this Pa\lo\ian orientation response are also

quite similar to those observed on amygdaloid stim-

ulation (210).

It seems worthy of note that on a few occasions

amygdaloid stimulation in animals was seen to pro-

duce quite an opposite, quieting effect sometimes

leading even to sleep (11, 13).

REW.-kRDiNG EXPERIENCES. Amygdaloid stimulation

in awake unrestrained rats may induce a behavior

suggesting that such stimulation may produce an

'experience' which acts as a reward (192-194). This

was seen in experiments in which rats were able to

stimulate their own brain by pressing down a bar,

thus closing the stimulation circuit connected to the

electrodes implanted in the animal's brain. A delay

switch turned off the stimulation after a few seconds

and the animal had to release the bar and press down

again to receive another stimulation. The time the

animal spends bar-pressing serves as an index of the

rewarding character of the stimulation. In such an

experimental situation the amygdala, together with

the septum, gives the highest .scores, indicating that

stimulation of these areas is experienced as a reward;

this type of reward can even be used instead of food to

improve the rat's performance in rimnina; through a

runway.

SEXUAL BEHAVIOR. Occasionally behavioral responses

suggesting sexual excitement may be observed in

female cats upon amygdaloid stimulation (72).

MODIFICATIONS OF LEVEL OF AWARENESS, CONFUSION

AND INTERFERENCE WITH MEMORY RECORDING MECHA-

NISMS. Amygdaloid stimulation in man frequently

produces confusion, disturbances of awareness, un-

responsi\eness and amnesia for all events taking
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place during stimulation (41, 61, 129, 160, 198).

This suggests that stimulation of the amya;dala may
easily interfere with memory-recording mechanisms

and processes integrating conscious perception.

E\idence that this is also tlie case in animals, although

the\' may display the pantomime of attentive be-

havior, is given by Gastaut and his collaborators (72,

82, 88, 186, 190J. An interesting observation is that

lack of awareness in these animals is sometimes re-

stricted to stimuli applied to the side of stimulation

from which the head is turned due to the contraversive

effect of stimulation less (88).

Topographical Representation of Function in Amygdala

Two groups of workers have tried to correlate

specific amygdaloid stimulation responses with par-

ticular subdivisions of the amygdala. Kaada et al.

(135) state that the autonomic and immediate somato-

motor responses are obtained by stimulating the

anteriomesial part, comprising the corticomedial

complex and the medial portion of the basal nucleus.

Stimulation of the lateral amygdala, comprising the

lateral part of the basal nucleus and the lateral nu-

cleus, is said to elicit behavioral responses such as

attention, fear and rage and also responses suggestive

of some subjective sensory experience. There was,

however, a striking accumulation of autonomic,

somatomotor and behavioral types of responses in

the basal nucleus, the densitv of responsi\e points

falling off rather rapidly both in the medial and

lateral direction. The work of Koikegami and his

collaborators (146-152) also shows that most of the

responses were obtained from the basal nucleus.

According to the results of Kaada el al. (133) only a

small proportion of the autonomic and somato-

motor responses were obtained from points clearly

within the corticomedial subdivision. It may there-

fore not he significant that no behavioral responses

were obtained from the corticomedial subdivision

in this experimental series.

Koikegami and his collaborators (146-152) attrib-

ute to the medial portion of the basal nucleus pre-

dominantly sympathetic effects, and consider the

lateral portion of the basal nucleus and the cortical

and medial nuclei as activating parasympathetic

functions.

Other authors have been more impressed by the

wide range of overlap of points yielding a rich variety

of responses and felt that no topographical organiza-

tion of functions could be deduced from stimulation

results (fig. 7) (i 1-15, 82, 172, 190). However, despite

this hesitancy to attribute certain functions to certain

definite amygdaloid subdivisions, many authors in-

dicate the locations from which they obtained par-

ticular stimulation effects. A comparison of all these

findings, as shown in table i , fails however to reveal

any consistency in localization of the various amygda-
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TABLE I. Amygdaloid Stimulation Responn'.', Reported hy Several Authors, Tabulated According to

Localization of Responsive Areas Within the Amygdaloid Complex
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loid stimulation responses. It therefore appears that

the organization of function in the amygdala (and

probably in other parts of the rliinencephalon) is of

a different order than that typical of certain neo-

cortical areas with their mosaic-like representation

of specific separate functions (96, 99). Functional

representation in the amygdala, and probably in

other rhinencephalic structures as well, seems to be of

a more global and topographically undifferentiated

type. This would not exclude the possibilitv that the

cytoarchitectonically defined suljnuclei of the amyg-

dala may ha\e their specific tasks in amygdaloid

function. It seems however that their contribution is

not related to any particular types of amygdaloid

responses but rather may contribute in some as yet

unknown way to the elaijoration of all functional

effects obtained by amygdaloid stimulation.

Mediation of Amygdaloid Stimulalion Responses

According to Koikegami and his collaborators

(146-152) most vegetative responses, except respira-

tory and arterial pressure changes which depend upon

the stria terminalis, are mediated via direct ventral

amygdalohypothalamic pathways. However, there

also is some evidence that respiratory changes may
still occur after cutting of the stria terminalis (133)

and that arterial pressure responses may even be

elicited by direct influence upon the brain stem by-

passing the hypothalamus (250).

Inhibition of spinal reflexes (133), mastication

(i 15), sniffing, sneezing and coughing (116), micturi-

tion and defecation (114, 136) can also be elicited

by stimulation of the stria terminalis or its bed nu-

cleus. This suggests that this bundle takes part in

mediating these responses, although it does not ex-

clude the existence of alternative pathways.

The extensive projection of the amygdala upon sub-

cortical structures as revealed by electrophysiological

studies (96) explains how it is possible that such a con-

fusingly great number of responses can be elicited by

amygdaloid stimulation. Any response produced by

stimulation of the amygdala is also known to be elic-

itable from stimulation of some other subcortical

structure to which the amygdala projects. Figure 8

shows these relationships in a diagrammatic way. The
work from the schools of Ranson, of Hess and of Ma-
goun has demonstrated the highly integrative charac-

terof these subcortical structures and the topographical

organization of function whicii prevails among them.

Purposeful patterns of function made up of integrated

component functions are elicited from definite areas

to the exclusion of others. In the amygdala this type

of organization seems to be absent. This is in accord

with the fact that the amygdala is ai^le to fire into

various subcortical structures regulating different or

even antagonistic functions. Thus it ijecomes under-

standable that the amygdala can influence one and

the same function in opposite ways. Examples of

this are numerous, such as facilitation and inhibition

of e\oked motor activities, inhibition and activation

of respiration, rise and fall in arterial pressure, activa-

tion and inhibition of gastrointestinal function, and

so forth.

Dynamic Aspects

Naquet (190) has drawn attention to some im-

portant dynamic aspects of amygdaloid stimulation

responses. Stimulation in the unanesthetized animal

shows that all the varied effects are not elicited simul-

taneously but appear in a patterned time sequence

(fig. 10). The immediate effects are quite discrete

and often merely consist of a slight change of the

respiratory rhythm together with some mild attention

response. If stimulation is maintained the delayed

responses appear with a latency of 10 to 30 sec. They
usually begin with acceleration of respiration, pupil-

lary dilatation and sniffing, followed in sequence by

some clouding of awareness, contraversion, ipsi-

lateral facial clonus, licking, chewing and swallowing

with salivation, and finally fearful behavior or micturi-

tion or defecation. This sequence of events may vary

slightly, but once started it will generally outlast the

end of stimulation with a local electrical after-dis-

charge conducted to cortical and subcortical areas

receiving amygdaloid connections.

The dynamic aspects of amygdaloid responses are

also illustrated by Kaada's observations (133) that

facilitation and inhibition of spinal reflexes and

cortically induced movements exhibit 'recruitment'

and may outlast the end of stimulation as does the

local electrical after-discharge.

It thus appears that the recruiting phenomena

shown by electrographic studies (97) have their

counterpart in the mode of development of amygda-

A., anterior part of the amygdala; .4.4., anterior amygdaloid area; BJV., basal nucleus; CMN., corticomedial nuclei; CJV.,

central nucleus; EC, external capsule where it borders the lateral nucleus; I.A.M., inferoanteromedial part of the amygdala;
I.L., inferolateral part of the amygdala; I.M., inferomedial part of the amygdala; L.. lateral part of the amygdala; Z,A'.,

lateral nucleus; M., medial part of the amygdala; M.A., medioanterior part of the amydgala; .W.V., medial nucleus; PC,
periamygdaloid cortex;^'., superior part of the amygdala; .S.A/., superomedial part of the amygdala.
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EFFECTS OF AMYGDALOID STIMULATION
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FIG. 8. Diagram illustrating the clectrophysiologically demonstrated direct and indirect con-
nections of the amygdala and their functional significance. On the left hand side are listed the re-
sponses to amygdaloid stimulation as described in the literature. The middle column lists the structures
which on electrophysiological investigation were shown to be fired in a direct or indirect way from
the amygdala. On the right hand side the responses obtained by stimulation of tliese structures as
reported by Hess, Magoun and others are listed. Note that the responses obtained upon amygdaloid
stimulation are also obtained from one or other of the subcortical structures to which the amygdala
projects and that there is a topographical grouping of these effects in the subcortex, and that such
a grouping is absent at the amygdaloid level. [From Gloor (96).]

loid responses. Neuronal recruitment at successive

synaptic stations .seems to induce a patterned sequence
of responses together with a gradual increase in the

intensity of certain responses. Furthermore it seems
that clearly noticeable effects, resulting in overt

somatomotor, vegetative or behavioral changes, only

appear when there is after-discharge, i.e. seizure

activity. .'Ml this concurs in sug.gesting that the amyg-
dala is not in actual command of the various mecha-
nisms which it is capable of influencing when elec-

trically stimulated, but rather acts as a modulator of

activities integrated at subcortical levels (97, 99).

« The only exception to this is the report by Koikegami et al.

(148) stating that bats were no longer able to fly after amyg-
daloid lesions. Their wing-spreading reflex elicited by pinching
their neck was also abolished on the side of the lesion.

LESION E.XPERIMENTS

Amygdaloid lesions have to be bilateral to produce
any detectable changes. The varied somatomotor'^

and autonomic mechanisms, so clearly influenced

by amygdaloid stimulation, show only transient

minor deficits or none at all after bilateral destruction

of the amygdala. Such transient autonomic changes
described include some tendency to increase in arterial

pressure, decrease in heart and respiratory rates,

some instability of blood sugar and blood sodium
concentration, hyperemia and ulcerations of the gas-

trointestinal mucosa (16), increased salivation (148),

piloerection (252) and slight hypothermia with rela-

tive poikilothermia (10, 148, 199, 204).

There is some evidence that endocrine changes
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may result from amygdaloid lesions. Some authors

(148) describe rather severe atrophic changes in the

anterior pituitary, the thyroid, the adrenal cortex

and the Langerhans cells of the pancreas, with con-

sequent weight loss and growth deficiency, in puppies

with bilateral amygdaloid lesions. Yet in adult ani-

mals no endocrine changes suggestive of such atrophic

lesions were reported to occur following bilateral

amygdalectomy. On the contrary, although the

glycemic response to emolional stress is abolished

after bilateral amygdaloid lesions (200), there is no

evidence that such lesions affect the ACTH secretion

in response to stress (16, 200; Guillemin, personal

communication). There is however some, although

not entirely unequivocal, evidence that amygdaloid

lesions may produce an increase or imijalance in

the secretion of gonadotrophic and sex hormones

(142, 223, 224).

Transient disturbances in the sleep-wakefulness

cycle with prolonged sleeplike states (199, 223, 227,

228, 240) as well as more persistent disturbances of a

narcoleptic character (204) are sometimes observed

after bilateral amygdaloid lesions.

All these changes are however insignificant when

compared with the very dramatic alterations in be-

havior produced by bilateral amygdaloid lesions.

These behavioral changes were first described in

1888 by Brown & Schafer (35). They then fell into

oblivion until rediscovered in 1937 by Kliiver & Bucy

(143). According to these authors (36, 140-145),

the following syndrome develops in monkeys after

bilateral anterior temporal lobectomy, including the

amygdala; a) visual agnosia; h) hypermetamorphosis,

a strong urge to attend and react to every visual

stimulus; c) oral compulsive behavior; d) profound

changes in emotional behavior with loss of fear and

of aggressiveness; e) hypersexuality; /) changes in

dietary habits with acceptance of meat as food; and

g) increased and peculiar spontaneous motor activity.

Although the lesions in these monkeys included

far more than the amygdaloid complex, most of these

disturbances have since been described with more

restricted anteromesial temporal lesions including

little, if anything, more than the amygdala. Although

from study of the effects of small temporal lobe lesions

it appears that some aspects of the behavioral dis-

turbances are more critically related to certain parts

of the temporal lobe than to others, it is nevertheless

not possible to arrive at a neat classification of be-

havioral components by assigning to each of them a

well-defined anatomical localization. Obviously all

these behavioral mechanisms are intimatelv inter-

locked and the full syndrome is more than the sum of

individual deficits attributable to individual anatomi-

cal structures (141, 249).

Disturbances of emotional behavior are the most

consistent results of such lesions and it seems that the

amygdala is the structure, involvement of which is

critical in the production of these emotional changes.

Most frequently animals with such bilateral amygda-

loid lesions become placid and display no reactions of

fear, rage or aggression (10, 17, 29, 72, 187, 199, 200,

204, 217, 222-224, 234, 241, 245, 249, 252, 254).

Not only is the rage threshold considerably increased,

but prey is no longer attacked (223) and the "social'

integration of the individual within a group is greatly

altered. Thus previously dominant individuals in a

monkey colony become the outcasts, subjected to

unremitting abuse against which they do not re-

taliate (218). These emotional changes are also re-

flected in alterations of conditioned avoidance be-

havior, including impairment of its acquisition in

cats; its retention was however unaltered (29), a

fact suggesting that amygdaloid lesions depress the

motivational facilitation for the acquisition of con-

ditioned avoidance. Somewhat diff"erent results were

however obtained in monkeys (252) where acquisi-

tion was only slightly slowed, but extinction of a

preoperatively acquired conditioned avoidance re-

sponse became more rapid than in normal controls.

Furthermore it seems that the motixational impact

of frustration was also diminished.

Entirely opposite results to those so far reviewed

were however reported by Spiegel et al. (236) and

by Bard & Mountcastle (24) who found that bi-

lateral amygdalectomy in cats transforms a placid

animal into a savage beast reacting to the most

trifling stimuli with an outburst of well-directed

rage. The discrepancies of these findings with those

previously summarized cannot be explained on the

basis of a species difi^erence since amygdalectomy in

cats is also apt to produce placidity (186, 222-224).

Schreiner & Kling (223, 224) attempt to explain this

discrepancy by pointing out that amygdaloid lesions

produce savage behavior in carnivores only after

an initial period of docility and that aggressiveness

reappears with the onset of increased sexual behavior.

Since sexual excitement in carnivores is normally

associated with combative behavior, the return to

savageness may thus be part of the hypersexual

syndrome, a view corroborated by their observation

that subsequent castration will both abolish hyper-

sexuality and restore docility. It should however be

recalled that the cats in the experiments of Spiegel
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et al. (236) were savage immediately after the opera-

tion and that Bard & Mountcastle (24) never ob-

served hypersexuahty in their cats. Another explana-

tion for the discrepancy of results is gi\-en by Green
et al. (105) who belie\e that inadvertent interference

with the blood supply to the anterior hippocampus
may produce savage behavior, whereas similar vascu-

lar disturbances in the basal ganglia may produce a

state of apathy resembling placiditv.

Observations in man on the effects upon emotional

behavior produced by bilateral amygdaloid lesions

were mostly made in assaulti\'e psychotics in whom
these lesions were placed in an attempt to curb the

patients' aggressiveness. In most cases there was a

definite decrease in aggressive behavior (106, 202,

226, 228, 240, 244). Some however showed an initial

increase in aggressiveness (220), and still others

became emotionally labile. Usually quite docile when
left alone, they were nevertheless easilv provoked

into short-lived anger by minor frustrations (220, 227).

This and other aspects of these patients' behavior,

such as their manner of speech, their motor restless-

ness and their abnormal interest for such food items

as candies and cake, struck some observers as tanta-

mount to a regression to a childish level of behavior

(220, 227, 240). Some authors however failed to

observe any obvious change in emotional behavior in

patients after bilateral amygdalectomy (67, 68, 253).

The development of hypersexuality was a promi-

nent feature in some experimental series (29, 72, 222-

FiG. 9. Hypersexuality produced by bilateral amygdaloid
lesions in male cats; attempts at copulation with animals of

other species or with other males. Note also that no aggressive-

ness is displayed towards a dog which is approached as a

potential sexual mate just as any other animal. [From Schreiner

& Kling (223).]

224), whereas in others it was not, or only occa-
sionally, noticed (24, 199, 204, 252J and in still

others there was a decrease in sexual impulse (241,

249). Green et al. (105) found hypersexuality only
when the lesion involved the piriform cortex. Amygda-
loid lesions sparing this area did not alter sexual be-
havior. Hypersexuality follows the placement of

bilateral lesions only after a long latent period of

several weeks. It leads both in the male and the

female to increased copulatory and to abnormal
sexual behavior (fig. 9), such as homosexual activities,

masturbation and attempts at copulation with ani-

mals of other species or outside territory. Preoperative

castration prevents development of hypersexuality.

Once developed, it will gradually disappear when
castration is carried out after amygdalectomy (224).

This does not prove, however, that increased sex

hormone production is the underlying cause of

hypersexuality in amygdalectomized animals. It may
merely demonstrate that sex hormones are a necessary

prerequisite for the manifestation of sexual behavior.

Corroborative evidence in favor of this view is the

observation that irritative lesions of the rhinencepha-
lon in man, although producing diminution of libido

and potency, are not associated with any signs of

hypogonadism (77).

Bilateral amygdaloid lesions in man produced a

clear effect on sexual behavior in only one patient

who became exhibitionistic (240), whereas a few
others seemed to show only a very slight release of

sexual impulse and the majority showed no change at

all in sexual behavior (67, 68, 106, 220, 227, 253).

In a female monkey it was noticed that bilateral

amygdalectomy also affects maternal behavior, since

this animal ceased to care for or defend her offspring

after the operation (241, 249).

Different types of changes occurring in general

motor behavior after amygdalectomy are described.

Fairly often, motor restlessness is noted (29, 204, 220,

223, 236) which may (29, 202, 223, 227, 234, 240,

-49' 252) or may not (220, 236) follow upon an
initial period of apathy. Logorrhea" frequently seen

in patients after bilateral amygdalectomy may be

related to this motor restlessness (220, 240). In con-

trast to these obser\ations however are reports that

in rats bilateral amygdalectom\- is followed bv a

permanent decrease in spontaneous activity (10).

.\ special form of increased motor activity is that

which Kliiver & Bucy (143-145) described as 'hyper-

' Vocalization was increased in cats (223) but decreased in

monkeys (143-145) after bilateral amygdaloid lesions.
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metamorphosis.' This is a strong urge to attend and to

react to every visual stimulus. Some observers also

noted this change after more restricted lesions in-

volving mainly the amygdala (29, 220, 223). Others

failed to see it (199, 249).

Strong oral tendencies, an urge to examine all

objects by mouth, whether edible, inedible, dangerous

or even disgusting, is another prominent behavioral

change seen in Kliiver & Bucy's monkeys (143-145)

and is also reported by many investigators to occur

after more restricted lesions involving principally the

amygdala (17, 29, 202, 204, 216, 220, 222, 223, 234,

252). Others however did not obser\e this change

(199, 240). This "oral compulsive behavior' may be

closely related to two other components of the

Kliiver-Bucy syndrome: first, visual agnosia which

may represent a compensating mechanism aimed at

object discrimination by taste, smell and touch; and

second, disturbances in feeding behavior manifested

by a compulsive urge to ingest anything indiscrimi-

nately (216). One may object to this interpretation on

the ground that usually inedible objects are discarded

after oral examination. This is however not always

the case and may in any event not be very relevant

an objection since meat, which a normal monkey

would not 'consider' edible, is accepted as food by

bilaterally amygdalectomized monkeys (204, 252).

The actual amount of food intake is described as

normal by some authors (10, 18, 220, 254) and as

increased by others (204, 217, 240).

Visual agnosia is the only symptom of the Kliiver-

Bucy syndrome which most probably is not critically

dependent on an amygdaloid lesion as shown by

Pribram and his associates (183, 204, 252). However,

Sawa and co-workers (220) mention its occurrence

after bilateral amygdaloid lesions in man.

The changes produced by bilateral amygdaloid

lesions are not static. The)' evolve in time. Immedi-

ately after operation there is often a sleep-like or

cataleptic state with apathy and refusal to eat (lo, 16,

17. 29. '99' 202, 223, 227, 234, 240, 249, 252) How-
ever hyperactive and overaggressive behavior imme-

diately after operation was observed by some other

investigators (220, 236). After several days the post-

operative apathy clears up and the profound changes

in emotional behavior become apparent. Hyper-

sexuality develops only after several weeks or even

months (145, 223). Over months or years the be-

havioral alterations tend to recede slowly. In monkeys

hypersexuality and meat-eating are the first to disap-

pear (141), whereas the changes in emotional be-

havior and hypermetamorphosis are the most resistent

(141, 240, 249) and may still Ije present after many
years (141).

The changes produced by bilateral amygdalectomy

may be partly at least the consequence of some
release of the activity of the ventromedial hypo-

thalamic nucleus since its bilateral destruction in

amygdalectomized animals restores aggressiveness and

abolishes hypersexuality, oral compulsive behavior

and hypermetamorphosis (222, 223). This would

indicate that the pathways from the amygdala to

this nucleus, demonstrated with anatomical (3) and

electrographic (96) methods, mediate an inhibitory

influence.

P.ATHOPHYSIOLOGY

Epilepsy

Revealing insights into the functions of the amyg-

dala can be gained from studies of epileptic seizures

originating in this area. It was Hughlings Jackson

(i 23-1 26) who first recognized late in the last century*

that seizure discharge originating from this area

produces what today is called psychomotor epilepsy

(74, 78, 94, 95) or temporal lobe epilepsy with ictal

automatism (61, 86, 197, 198). Recent work has

clearly demonstrated the correctness of Hughlings

Jackson'sviews(58, 61, 71, 74, 75, 78,83,92, 127-129,

134, 176, 179, 181, 198).

The most characteristic feature of the automatic

state, so typical of these attacks, is the patient's "loss

of capacity to make durable memory records" [Pen-

field (198); (see also 159)]. This is usually associated

with unresponsiveness and a variable degree of loss of

understanding, which one may call confusion, while

motor control and reception of sensory stimuli is

preserved. Thus the patient may be able to indulge in

self-inspection or carry out elaborate acts and even

avoid obstacles when moving around. If he talks at

all, his speech is usually irrelevant to the situation.

When interfered with, he often becomes aggressive.

Masticatory movements, respiratory and autonomic

changes are commonly observed during such an

attack. The seizure usually starts with sudden staring,

less often with tonic adversive movements, and is

often ushered in by an epigastric, cephalic, somatic,

gustatory or olfactory sensation, a feeling of fear, and

awareness of confusion of thinking or a "psychical'

illusion (40, 61, 75, 84, 86, 174, 176, 197, 198). More
rarely observed ictal symptoms are outbursts of rage

' Even older descriptions of seizures originating in this area

were given by Sander in 1874 (219), Hamilton in 1882 (110)

and .Anderson in 1887 (19).
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with amnesia (79), ictal depressive feelings (251), a

feeling of joy (237), sexual excitement (25, 34, 77) or

an acute feeling of hunger (76). In patients undergoing

surgery for their seizures these ictal symptoms can be

reproduced by stimulation of the amygdala (61, 129,

198).

Patients suffering from this type of seizure often

present an interictal syndrome which more often

invokes abnormal behavior than that seen in patients

suffering from other forms of epilepsy (91, 213).

Gastaut and his collaborators (79) state that 72 per

cent of psychomotor epileptics show personality

traits whicli were once regarded to be characteristic

for epileptics in general and were therefore described

as 'epileptoid constitution' (see also 71, 75, 78, 85, 230,

231). These patients show a striking slowness of

movements and thinking and a tendency to persevera-

tion, a demeanor which has been called "adhesiveness'

or 'viscosity' and which contrasts rather strikingly

with the propensity of these patients to be provoked

into explosive and violent anger, often for causes of

the most trifling nature (see also 248). Manv psycho-

motor epileptics also suffer from loss of libido, sexual

impotence or frigidity (75, 77) and some show disturb-

ances of their appetite (76, 84). It seems that this

complex syndrome is essentially the opposite of that

produced by bilateral amygdaloid lesions in animals.'

A continuous state of subictal irritation liy the focus

seems to be its cause.'"

Interictal disturbances can also be demonstrated in

monkeys with chronic epileptogenic lesions of the

amygdala. Such lesions seriously hamper the estab-

lishment of conditioned reactions to anv modalitv of

sensory stimuli (185) The fact that this deficit is

cured after excision of the epileptogenic focus proves

that it is caused by abnormal discharges and not by

destruction of ner\ous tissue.

In animals "amygdaloid epilepsy" can be produced

b\ injection of alumina cream into the amygdaloid

region (81, 83, 89, 185, 186, igo, 212, 232). The
seizure pattern in these animals faithfully duplicates

the responses obtained by amygdaloid stimulation in

unanesthetized animals (fig. 10).

' However, symptoms reminiscent of those seen in animals

with bilateral amygdaloid lesions are actually seen in a mi-

nority of patients indicating loss of function of the temporal

rhinencephalic structures either due to bilateral destructive

lesions or functional paralysis by excessive firing (79, 161).

'" Even more suggestive evidence for such continuous irrita-

tion is the phenomenon which has been called "continuous"

aura, e.g. in the form of a constant feeling of fear or anxiety in a

patient having seizures starting with an aura of fear (225, see

also 84).

Sporadic epileptogenic potentials in patients and
animals with amygdaloid epileptogenic lesions are

recorded o\er the anterior temporal, insular and
uncohippocampal regions (61, 71, 74, 75, 78, 81, 83,

89. 92, 94. ••7. '27, 128, 171, 176, 186, 197, 212).

Animals with unilateral amygdaloid alumina cream
lesions develop after some time a mirror focus in the

contralateral amygdala, which finally fires quite

independently of the primary lesion (212). Such

bilateral foci are frequent findings in human temporal

lobe epilepsy (74, 83, 198) and some of them may
also originate in this same manner.

Amygdaloid .seizures in man and animals often

start with an initial 'suppression' of cortical electrical

activity which even affects the previously present

interictal spike discharges (60, 61, 74, 75, 81, 83, 89,

100, 117, 128, 134, 176, 198, 212). This corticographic

response is very similar to the diffuse low-voltage fast

pattern which can be produced by am\gdaloid

stimulation (see p. 1403).

Ma 1^9

FIG. 10. Different stages of a spontaneous seizure in the cat

due to an epileptogenic alumina cream lesion in the left

amygdaloid area. The seizure starts with an attention response

and slight contraversive turning of the head to the right. Then
the pupils dilate and the cat looks frightened; the contralateral

forepaw is slightly raised and there is tonic extension with

stiffening of the contralateral hind leg. The cat thus assumes a

posture as if terrified and about to escape. This is followed by

ipsilateral clonic face mo\ements [top right) and jaw mo\ements

with salivation {bottom right). A similar sequence of e\'ents is

also seen in response to electrical stimulation of the amygdala.

[From Naquet (190).]
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The study of propagation of amygdaloid seizure

activity in animals by the use of the after-discharge

method shows a widespread subcortical conduction of

such seizures. Thus the basal ganglia, the septal

nuclei, the hypothalamus, the subthalamus, the

thalamus and the mesencephalon are invaded by the

seizure discharge (20, 44, 100, 175). Quite in contrast

to this is the limited cortical propagation which is

usually restricted to the anterior temporal, insular and

uncohippocampal cortex (20, 44, 80, 100, 175). Wide-

spread subcortical conduction may even occur with-

out any neocortical involvement at all {20, 100, 175).

Thus it may be explained why the performance of

elaborate automatic activities is still possible during

ictal automatism since the neocortex is not, or only

slightly, invaded by the seizure discharge, while

memory recording and consciousness are interfered

with due to conduction of seizure discharge into

central integrating structures of the higher brain stem

and diencephalon (20, 100, 175, 197). The contrast

between the extent of subcortical and cortical in\olve-

ment may be related to the fact that recruitment is a

common feature of subcortical and rhinencephalic

responses to repetitive amygdaloid stimulation,

whereas no such recruitment is seen in the neocortex

(97) (see p. 1402). However repetiti\e amygdaloid

stimulation usually does not lead to any appreciable

thalamic invoh'ement. It is a reasonable assumption

that this may occur under the influence of maximal

or nearly maximal repetitive amygdaloid firing as in

a seizure discharge.

The preferential pathways of propagation of amyg-

daloid seizure discharges are to subcortical structures

(fig. II), mainly to the hypothalamus, subthalamus

and mesencephalic tegmentum. Increasingly labile

is the propagation to the thalamus, temporal cortex

and the contralateral temporal lobe including the

contralateral amygdala (20, 100). Different results

however are reported by Creutzfeldt (44) who found

preferential spread to the homolateral anterior and

basal cortex, and by Faeth et al. (57) who describe a

preferential route of propagation to the opposite

amygdala and hippocampus and to the ipsilateral

temporal cortex. Faeth et al. however stimulated the

'amygdala-hippocampal complex' and this may well

explain their different results.

Hallucinations

Freeman & Williams (67, 68, 253) advanced the

theory that the amygdala plays an important role in

the emission and regulation of 'sonar' in chiroptera

Tempore

-

Insular

Cortex,

(controlat

)

AmygdoTa
(contralat

}

Thalamus

Hypothalamus

Tegmentum

FIG. II. Preferential pathways of spread of amygdaloid
seizure discharges as based on experimental studies in the cat.

Note that the most prominent conduction is that into the

hypothalamus and mesencephalic tegmentum. [From Gloor

(100).]

and cetacea. They believed that auditory hallucina-

tions in man may be related to disturbances in the

human counterpart of this 'sonar' apparatus. On this

theoretical basis they attempted to cure auditory

hallucinations with bilateral excision of the amygdala.

There is however not much factual foundation for

their hypothesis and it is therefore hardly surprising

that no significant number of cures were obtained by

this operative procedure.

FUNCTIONAL SIGNIFICANCE OF AMYGDALA

A comparison of physiological studies carried out

on the amygdala with those performed on other parts

of the rhinencephalon reveals a surprising similarity of

function between various parts of this system (99).

This similarity is especially close within what Pri-

bram & Kruger (205) have called the 'second system'

of the rhinencephalon which comprises the amygdala,

the piriform lobe, the orbitofrontal cortex and the

septum. It is not legitimate therefore to divorce the

discussion of the functional significance of the amygda-

loid complex from that of this anatomically more

extensive functional system.

A fruitful approach to the understanding of the

fimctional role of this system is to set the results of

bilateral lesions against the background of the sur-

prisingly wide spectrum of autonomic and somato-

motor functions influenced by rhinencephalic stimu-

lation (99). It then becomes at once apparent that
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bilateral amysjdaloid or other rhinencephalic lesions

fail to produce deficits of the very autonomic and

somatomotor functions which are so clearly influenced

by rhinencephalic stimulation. The rhinencephalon

cannot therefore he essential for their integration.

Most of these functions are known to be integrated in

the hypothalamus and brain stem. Despite the great

similarity ol rhinencephalic stimulation responses to

those obtained from stimulations of the hypothalamus

and brain stem, a great difference in functional

significance is thus revealed between the rhinencepha-

lon and those subcortical areas. This noninvolvement

of the rhinencephalon in the integration of basic

autonomic and somatomotor mechanisms makes it

easier to accept the absence of a mosaic of topographi-

cal representation of function in this system. It also

makes more acceptable the potentially dual character

of many rhinencephalic stimulation responses with

opposite effects upon the same function apt to occur

from the .same locus of stimulation.

This unessential character of rhinencephalic func-

tion for the integration of basic autonomic and somato-

motor mechanisms stresses the importance of the

behavioral and mental alterations produced by rhin-

encephalic stimulations, epileptic discharges and

lesions. However here again the situation is not

clear-cut and simple. In animals, electrical stimula-

tion brings forth not only reactions of fear and anger

but also behavioral patterns of an opposite character,

suggesting that a 'rewarding' e.\perience can be

elicited by stimulation. Furthermore bilateral lesions

have produced placidity as well as its opposite

—

savage, angry behavior. From the study of the experi-

mental records it seems unlikely that differences in the

anatomical location of the site of stimulation or of the

lesion could adequately account for these opposite

effects.

All these findings suggest a great lability of rhin-

encephalic function based upon flexible neuronal

mechanisms, as revealed by electrographic studies of

the amygdaloid projections system (97). It has there-

fore been suggested that the amygdala and other

parts of the rhinencephalon modulate activities inte-

grated in subcortical structures (97, 99, loi).

This modulatory influence is probably of great

importance in the organization of complex behavioral

mechanisms. Olds (192, 194) advanced the theory that

the amygdala and other rhinencephalic structures of

the 'second system' may be essential for the elabora-

tion of the reinforcing effect of 'reward' upon instru-

mental behavior. In view of the clear evidence that

other than rewarding experiences, e.g. lear and rage,

can be produced by amygdaloid stimulation it .seems

necessary to broaden this hypothesis in order to

include motivational forces other than reward. One
may thus conceive of this system as more generally

concerned with motivational reinforcement of be-

havioral patterns. The behavioral alterations pro-

duced by amygdaloid lesions support such a view.

The basic defect produced by these lesions could then

be described as a disturbance in those motivational

mechanisms which normally allow the selection of

behavior appropriate to a given situation (192, 252).

Disturbances in these mechanisms would then ac-

count for the indiscriminate fearless approach to any

object, animal or person, the indiscriminate reaction

to any environmental stimulus described as hyper-

metamorphosis, the indiscriminate tendency to ingest

food and nonfood objects, and the indiscriminate

attempts to derive se.xual satisfaction from any poten-

tial source of gratification. The behavioral disturb-

ances displayed by many psychomotor epileptics give

further support to this concept. Constant irritation of

this system by an epileptogenic focus seems to produce

a tendency for insufficiently motivated outbursts of

rage as if the rage responses were triggered by a nor-

mally 'subthreshold' motivational stimulus. This

broadened concept would also be in accord with the

more traditional theories ascribing to the rhinenceph-

alon the role of integrating emotional experience and

expression (70, 72, 73, 138, 167-170, 195). The in-

volvement of this system in 'motivational selection'

of behavioral patterns would render more meaningful

the close anatomical and functional relationship of

the amygdala with the hippocampus (96-98), the

important role of which in memorv recording becomes

more and more apparent (182, 228), for it seems

evident that the reinforcing effect of such motiva-

tional forces as emotion, as well as the laying down

of memory traces, are equally essential for the selec-

tion of behavioral patterns (194). A close functional

association between the nervous substrata subserving

these two functions seems therefore to be a necessary

prerequisite for their correct interplay.

The functional concept here developed presup-

poses that the structures supporting these functions

show a great flexibility of action and a broad spectrum

of influence upon neuronal mechanisms integrating

somatomotor and autonomic functions. The experi-

mental data accumulated over the past years clearly

show that the amygdaloid complex and other parts

of the rhinencephalon would meet these requirements.
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Acetylcholine

as transmitter substance, 1
1
38

in coronary vessels, 1133-1137

cerebellar activity and, 1 255
reticular formation and, 1289

vasodilator responses after, 1
1 54

ACTH ; see Adrenocorticotrophic hor-

mone
Adenohypophysis : see Anterior pituitary

Adrenal cortex

activity after hypophysectomy, 1016

Adrenal medulla

denervation and, 993
Adrenal medullary hormones

see also Epinephrine, Norepinephrine

nervous reflex activation of neurohy-

pophysis and, 1033

Adrenocorticotrophic hormone

body temperature control and, i 189

secretion

central nervous system effects, 1 008

dual theory of, 1020

external environment and, 1008

humoral control, 1013

hypothalamic lesions and, 1023

hypothalamic stimulation and, 1025

nature of active substance, 1055

neurohypophysis and, 1014

neurosecretion and, 1054, 1055

pituitary stalk section and, 1019,

1020

transplantation and, 1019, 1020

Adynamia
description, 912

lesions producing, 876

Afferent hbers

see also Nerve fibers

diameter

in muscle, 930

in skin, 930
from Golgi tendon organs, 931

gamma
hypothalamic vv'arming and, 1 188

posture and, 1077

Group I

definition, 930
subdivisions, 932

Group II

definition, 930
flexor reflexes and, 945, 946

reflex regulation of posture, 944
Group III

definition, 930

flexor reflexes and, 945, 946

primary distribution in spinal cord, 934
properties in spinal cord, 934
relays, compared to motor, 935
sensory, influence on motor output, 823

unmyelinated reflex effects, 947
After-discharge

definition, 936

Age

body temperature control and, 1191

neurosecretion and, 1047

spinal respiratory centers and, 1116

Agnosia

parietal lobe lesions and, 827

Akinetic mutism

reticular formation and, 1 297

Ammon's horn : see Hippocampus

Amphetamine

EEG arousal and, 1291

Amygdala, 1395- 141

6

afferent connections, 1396-1399

anatomy, 1395-1399

as moderator of subcortical integra-

tion, 1410

behavior, 1411

commissural connections, 1403

connections and function, 1410

cortical connections, 1399, 1401

efferent connections, 1399- 1403

elcctrophysiology, 1399-1403

endocrine changes, 1411

epilepsy and, 1413

functional significance, 1415-1416

hallucinations and, 1415

latency changes, 1401

lesions in, 1410-1413

modulatory influence, 1416

obliteration, 1401

olfaction and, 1 396

pathophysiology, 141 3-1415

phylogeny, 1396

potentiation, 1401

projection system, diagram, 1400

recruitment, 1401

sensory connections, 1397
stimulation, 1362, 1391, 1403-1410

behavioral responses, 1406

dynamic aspects, 1409

EEG arousal and, 1 404
electrocortical responses, 1403

endocrine responses, 1405

hippocampal response, 1402

level of awareness and, 1406

map of responses, 1407

masticatory movements, 1404

motor activity and, 1404

motor responses, 1404

psychic phenomena, 1406

responses of mediation, 1409

sensory and, 1398

sexual behavior, 1406

tabulation, 1408

vegetative responses,
1 404

subnuclei, 1395

topograph of function, 1407

Amygdaloid ; see Amygdala
Amygdaloid seizures

activity, 1414, 1415

activity spread, 141

5

hypothalamus, 1415

mesencephalic tegmentum, 1415

subthalamus, 1415

Anencephali

lesions in, 906

motor performances, 905, go6

Anesthetics

body temperature control, 1 190

reticular formation and, 1 289

Anterior commissure

amygdaloid connections, 1403

Anterior insular cortex : see Orbitoinsulo-

temporal cortex

Anterior pituitary

see also Pituitary gland; Adrenocortico-

trophic hormone, Gonadotrophic

hormone; Thyrotrophic hormone

anatomy, 1007-101

1

1423
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central nervous system control of,

1007-1029

hypophysial portal vessels and, loi 1

influence on puberty, loig

neural control, 968

neurohormonal control, loi i

neurosecretory control, 968

pituitary stalk section and, 1016-10^2

sexual differentiation, 101 g

subdivisions, 1009, 1029

transplantation and, 1016-1022

Antidiuretic hormone

secretion

neurosecretion and, 1051-1054

osmoreceptors, emotional stress and,

1031

reflex control of, 1030, 1054

site of production, 967 1053

Aortic chemoreceptors

respiratory regulation and, i i 23

circulatory regulation and, 1141,

I 146

Apneusis

see also Respiration; Polypnea; Hy-

perpnea

center in pons, 1 1
1

3

definition, 1 1 1 2

explanation, 1117

pons and, 1 1 13

Appetite, 1197-1205

hypothalamus and, 969

Apraxia

parietal lobe lesions and, 827

Archicortex : see Hippocampus

Area 4; see Cerebral cortex (area 4)

Area 6; see Cerebral cortex (area 6)

Arousal

see alsn Wakefulness, Attention;

Behavior; Instinctive behavior

areas giving, 1 362

cerseau isole, 1 288

cortical stimulation and, 1361

decerebrate animals, 1 288

decorticate animals, 1288

drugs and, 1291

EEC
amygdaloid stimulation and, 1404

cingulate cortex and, 1 355
drugs and, 1 290

hippocampus and, 1382, 1383

hormones and, 1237

mood-altering drugs and, 1291

pyriform cortex and, 1355, 1363

reticular formation and, 1 287

encephale isole, 1 288

hippocampus and, 1382

neurohormones and, 1 288

physiological significance, 1 368

reticular formation and, 1287, 1288

.'\rrest reaction

caudate nucleus stimulation and, 873
Arterial pressure

baroceptors and, 1
1
42

cardiac nerve activity and, 1
1
40

cortical stimulation and, 1358

Artificial synapse

contribution to paraplegia, 1297

definition, 1297

Arthropods

neurosecretory activity, 1059

Association cortex: see Forebrain, intrinsic

systems

Athetoid syndrome

description, 867

mechanism of, 875, 877, 879, 884, 908,

919, 920

Atropine

blockade of ovulation by, 1013

Attention

see also Arousal, Wakefulness;

Behavior; Instinctive behavior

amygdaloid stimulation and, 1406

modulation of sensory input, 824

motor patterns, 912

Audition

contribution to motor integration, 823

Augmenting responses

comparison with recruiting response,

1316, 1317

definition, 13 16

Autonomic effectors

activity, 992

decentralization and, 992-994
denervation and, 992-994
junctions

functional organization of, 997-1000

structure, 997-1000

mechanism, 994
structure, 992

supersensitivity of, 993, 994
Autonomic ganglia

functions, 988

reflexes mediated by, 991

structure, 985-989

types, 985
Autonomic nervous system

see also Parasympathetic nervous sys-

tem; Sympathetic nervous system

activities without central control, 990-

99-!

central mechanisms, 95i~975

cerebellum and, 972-974
cerebral mechanisins, 972-974

chemical mediator, 998

connections between pre- and post-

ganglionic neurons, 986

correlation of anatomical and func-

tional groups, 984, 985

cortical motor stimulation and, 806

degeneration and regeneration, 994-

997
diencephalic mechanisms, 962-972

discharge rate in, 989, 990
fibers

neurophysiological classification, 984

types, 983-985

from cerebral cortex, 972-974
function, 1000

rhinencephalic areas and, 973
hypothalamus and, 963-972

innervation, concept, 999
interstitial cells of Cajal, 997
nerve nets, 997, 998
peripheral organization, 979-1 00

1

reticular formation and, 1298

reticular spinal tracts of Papez, 956
spatial and temporal summation in,

99«
spinal mechanisms, 952-957
spontaneous acti\ity, axon reflexes, 990
subdiencephalic brain-stem mecha-

nisms, 957-962

synapse, failure to transmit, 995
third neuron links in, 997
transmission in, 989

Axon reflexes, 990-992

local responses and, 954
Axons

transport of neurosecretory materials,

1053

Babinsky response

comparison in primates, 808

description, 807

pyramidal section and, 822

Ballistic syndrome

see also flemiballism

description, 865

mechanism of, 879, 880, 908

Baroceptors

fiber size, 1 142

impulses from, 1
1
42

stimulation of, 1 141

Basal ganglia

see also Pallidum; Corpus striatum;

Lenticular nucleus. Caudate nucleus;

Putamen

electrophysiology, 916

function, 919

in birds and fishes, 914
reticular formation and, i 285, 1 295
stimulation of, 917

Beha\'ior

see also Arousal; Instincti\'e beha\'ior;

Wakefulness; Attention; Reproduc-

tive behavior

amygdala lesions and, 141 i

analysis of frontal intrinsic system, 1 333
analysis of posterior intrinsic system,

1326-1333

definition of terms, 1333, 1334

differentiative defects in, 1331

emotional

extrapyramidal motor system and,

913, 922

hypothalamus and, 970
lesions of frontal intrinsic system and,

'335. 1336

hypothalamus and, 969-972
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intentional, 1333, 1336

disposition and, 1338

interictal in epilepsy, 141

4

mathematical expectation, 1 339
models

for learning and unlearning, 1 329

predictions from, 1330

multiple object problems and, 1328,

1329

Betz cells

see also Pyramidal tract

as source of pyramidal fibers, 820

collaterals of, 854
crossed and uncrossed pathways to, 850

firing

by cortical interneurons, 843

latencies in difTcrent layers, 853
hyperpolarization, post spike, explana-

tion, 854
membrane potentials, 853

pyramidal axons and, 844

repetitise firing, 852

response to antidromic pyramidal

shocks, 854
spike discharge, 853-855

amplitude, 853

anti- and orthodromically evoked,

855
measurement, 853

timing of, 850-853

Bladder

see also Micturition

contraction

cortical stimulation and, 1 360

spinal pathways, 956

control

anterior pontine preparation, 121 5,

1217

central, 1 207-1 222

levels of, 1 2
1
5- 1 2 1

8

posterior hypothalamic preparation

and, 1 2 16, 1217

rostral midbrain preparation, 12 15,

1217

sphincters, 1220, 1221

decentralized, 1220

denervated, 1220

dysfunction

atonic neurogenic, 1220

automatic, spastic neurogenic, 1219

autonomous neurogenic, 1220

cord, 1219

infranuclear neurogenic, 1220

sacral root damage and, 1214

supranuclear neurogenic, 1219

tabetic, 1220

uninhibited neurogenic, 12 18

external sphincter action, 1221

hypertonicity and, 1212

internal sphincter action, 1221

localization of control, 961

methods of study, 1207, 1208

neural transection and, 1215

pressure in, factors affecting, 12 10

tonus

central control, 1208-1214

cystometrogram and, 121

1

drugs and, 1 2 1 1 , 1 2 1

2

micturition reflex, 1213

neural transections and, 12 13

origin of, 1210

pathophysiology in man, 1213

transections at various levels and,

1210

wall

cystometrogram and, 1 2 1

1

physical characteristics, 1212

Blood osmotic pressure

posterior pituitary activity and, 1031

Blood pressure : see Arterial pressure

Blood vessels: see Cardiovascular control;

Vasomotor mechanisms

Body temperature

amygdaloid stimulation, 1405

control

ACTH, 1 189

age, 1 191

species and, 1
1
9

1 , 1
1
92

anesthesia and, 1
1
90

body water movements, 1
1
90

catecholamines, 1189

central integrative structures, 1
1
78-

1181

central ner\ous system and, 1
1
73-

"93
chlorpromazine, 1191

cutaneous blood flow and, 1 185

decortication and, 1
1
78

electrodes, implantation studies, 1
1 75

endocrines and, 11 89
fever and, i 191

heat loss center, 1 179, 1 180

heat production center, 1
1 79

hypothalamus, 966, 1
1
75-1

1
78

indirect thermal stimulation, 1 1 75

in man, 1 192

in spinal animal, 1 180

methods of study, 1
1 74, 1175

peripheral and central factors in,

1 192, 1 193

phylogenesis, 1
1
92

piloerection, 1 185

posterior pituitary extract, 1 189

regulation under abnormal condi-

tions, 1 190, 1 191

reticular formation, 1 188

respiration ?:id, 1184

salivation, 1 185

schizophrenia, 1185

shivering, 1 186

species differences in, 1 191

stress and, 1 184

sweating, i 185

thermoregulatory effectory systems,

1 174, 1 18 1 -1 190

thyroxin, i 1 89

under abnormal conditions, 1
1 90,

1191

measurement, 1
1 75

Brain: see Central nervous system; indi-

vidual parts of brain

Brain stem

see also Medulla oblongata; Pons;

Mesencephalon; Basal ganglia; Hy-
pothalamus

anterior, respiration and, 1 1
1

4

centers for statokinetic regulation, 921

cerebellar activity and, 1254

nature of postural responses from, 792
panting and, 1 1

1

3

respiratory regulation, 1 1
1

3

sex behavior and, 1229

statokinetic and locomotor structures,

890-896

Bulbocapnine

EEG and, 917

Carbon dioxide tension

cardiovascular regulation and, 1145

chemoreceptors and, 1
1 43

hydrogen ion concentration and, 1 1 1 8,

1 143

medullary vasomotor neurons, 1
1
46

oxygen tension and, 1 143

respiration regulation and, 1 1 18

reticular formation and, 1 289

spinal vasomotor neurons, 1
1
46

Carbon monoxide

poisoning, pallidum in, 878

Cardiac centers

medulla oblongata and, 1
1
40

Cardiac nerve activity

arterial pressure, 1
1
40, 1

1 43
Cardiac nerves

central representation of, 1138-1151

Cardiac receptors

afferent fibers and, 1 144

Cardiosascular control

see also Vasomotor mechanisms

adrenal medulla and, 11 58

amygdaloid stimulation and, 1 404

carbon dioxide tension and, 1
1 45

cardiac vagus, 1 137, 1 138

central, 1 131-1 158

cerebellum, i 151

cerebral cortex, 11 49-1 151, 1154

chemoreceptor reflexes and, 1 145

effei cnt pathways, 1 132-1 138

hypothalamicospinal pathways, 1
1
48

hypothalamus, 1 147-1149, 11 53
medulla oblongata, 958, 11 39-1 147,

"53
mesencephalon, 11 47-1 149

oxygen tension and, 1 145

parasympathetic vasodilator nerves,

"37. "38, "56
pressor, depressor reflexes and, 11 45
rhinencephalon, 11 50

schematic drawing, 1157
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sensory and nociceptive impulses and,

'145

spinal cord, 1 138, 1 139, 1 152

sympathetic vasoconstrictor nerves,

113^-1135

sympathetic vasodilator nerves, 1135-

1137. i'5i-i'55

temporal lobe, 1
1
50

vasoconstrictor inhibition, 1 157

vasodilator activation, 1 157

Carotid artery

occlusion, pressor response to, 1
1 44

Carotid body

cardiovascular regulation and, 1141-

"43
chemical stimulation, 1 124, 1 143

respiratory regulation and, 1 1 23
Carotid sinus

circulatory reflexes from, 1142-1144

Castration

sex behavior and, 1227

Catalepsy

lesions producing, 876

Catechol amines

see also Epinephrine; Norepinephrine

body temperature control and, 1189

nervous reflex activation of neurohy-

pophysis and, 1033

Caudate nucleus

see also Pallidum; Basal ganglia; Len-

ticular nucleus; Corpus striatum;

Putamen

function of, 875, 920

lesions of, 872-875

seizure threshold, 875

sensorimotor integration and, 815

stimulation, 872, 918

reticular formation and, 918

sleep and, 91

1

unspecific projection system and, 131

3

Central nervous system

anterior pituitary and, 1007

control of

anterior pituitary activity, 1 o 1
5- 1 029

bladder, i 207-1222

bladder tonus, 1208

body temperature, 1 173-1 193

cardiovascular function, 1 131-1 158

digestive function, 1 163-1 169

eye movements, 1089— 11 26

feeding and drinking, 1197-1205

gastric secretion, 1 168

gastrointestinal motility, 1166

mastication, i 164

micturition, 1214

posture and locomotion, 1067- 1085

reproductive behavior, 1225- 1240

respiration, 1 1 1 i-i 126

swallowing, 1 165

vomiting, 1 167

development, endocrine activity and.

1027

facilitation of postural reflexes, 1075

feeding and, i 199

muscle afferents and, 1 069
reciprocal relation to endocrine system,

1015

regulatory mechanisms in, 1 241 -1243
reproductive behavior and, 1 228-1 238
spinal shoclc and, 783

Centrencephalic system

origin of willed impulses, 825

Centrum medianum
see also Thalamic nuclei

anatomy of, 881

corpus striatum and, 869

function of, 881, 920

lesions in man, 881

recruiting response and, 1311

stimulation of, 881, 882

Cerebellar activity, 1249-1258

brain stem and, 1 254
cerebellofugal impulses, 1258

cerebellopetal impulses and, 1252, 1257

cerebral cortex, 1 253
drugs and, 1 255
evoked potentials, 1 25

1

repetitive stimulation, 1251

sensory input and, 1252

spontaneous, 1257

surface stimulation and, 1 25

1

Cerebellar ataxia

definition, 1266

reflexes in, 788

Cerebellar cortex

afferent activity and, 1252

anatomy, 1247

anterior lobe

eflTerent paths, 1 260

intermediate portion, 1260

vermian portion, 1259

chemical stimulation, 1262

electrical activity of, i 249

mechanical stimulation, 1 262

posterior lobe

eye movements, 1261

postural tonus and, 1261

stimulation of, 1 259-1 262

stimulus sites, 1 294
Cerebellar destruction, 1265-1273

anterior lobe, 1270

facilitory withdrawal and, 1267

flocculonodular lobe, 1 269

inhibitory withdrawal, 1267

localized, 1 269

phasic contraction after, 1 267

posterior lobe, 1271, 1272

total, 1266

unilateral, 1268

Cerebellar function, 788, 1257, 1273-

'27.5

alteration due to stimulation, 1258-

1265

anterior lobe, 1264

asthenia, 1274

compensation, 1275

destruction and, 1265-1273

hypertonus, 1273

hypotonia, 1274

phasic reflexes, 1274

posterior lobe, 1 265

voluntary movement, 1274

Cerebellar nuclei

corticonuclear relations, 1 247
electrophysiological studies of, 1 256

Cerebellar nystagmus: see Nystagmus,

cerebellar

Cerebellar peduncles

electrophysiological studies of, 1256

inflow to cerebellum and, 1 249
outflow from the cerebellum, 1 249

Cerebellocerebral interrelationships

cerebellopetal influences, 1253, 1254

extrapyramidal function and, 899-goi

sensorimotor integration and, 815

voluntary movement, 1274

Cerebellum, 1245-1275

alpha and gamma motoneurons and,

1 26

1

anatomy, 1246-1249

anterior lobe

efferent paths, 1 260

locus of action, 1261

autonomic function and, 974
cardiovascular control and, 1 151

cerebral cortical electrical activity and,

1263

cerebral cortical motor fimctions and,

1262, 1263

deficiencies, in man, 1275

globosus, stimulation of, 1262

gross morphology. 1246

schematic representation, 1 248

influence of voluntary movement, 1274

interpositus, stimulation of, 1262

interrelations with cerebral cortex and

spinal cord, 898-900

nature of postural responses from, 792

projection from retina, 1098

projections to reticular formation, 1 256

regulation of voluntary movement, 900

respiration and, 1 1
1

4

reticular formation and, 1256, 1285,

1294

seizures, description, 1 263, 1 264

sensorimotor integration and, 815

spontaneous activity, 1 249
stimulation of interior, 1 262-1 265

vermis, cerebral projections to, 1 254
vestibular nuclei projections, 1257

Cerebral cortex

ablation, precentral gyrus, 790

activation, midbrain and thalamic

level, 1318

afferent-efferent overlap in, 1332

afferents, for sensorimotor integration,

814-818

agranular, granular and granulous

cells, 1346
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amygdaloid connection, 1399

arterial pressure and, 1358

autonomic mechanisms and, 972

behavioral arousal and, 1361

cardiovascular control and, 11 49-1 151,

1 154

cardiovascular efferent pathways, 1
1
50

cerebellar activity and, 815, 899-901,

i253> 1254. 1263, 1274

connections with hippocampus, 1376

contribution to I and D waves, 842

diagram of interrelations with sub-

cortical structures, 8
1

9

electrical activity, cerebellum and,

1263

excitation of pyramidal tract and, 841

excitation spread, comparison of units

at different depths, 852

extrapyramidal areas, 92

1

in relation to subcortical centers,

896-899

food intake and, 1 202

frontal lobe, pyramidal contributions,

820

grasping and avoiding responses, 792

initial spike latency of cells, 853

interrelations with cerebellum and

spinal cord, 898-900

latency values in various layers, 852

map of pyramidal responses, 845

mapping by evoked D waves, 844

maternal behavior and, 1233

motor functions, cerebellum and, 1 262,

1263

motor inhibition, 805

motor representation

in man, 800-803

nature of, 805

phyletic aspects, 799

movement and, 790, 797-829

occipital lobe, pyramidal contributions,

821

origin of pyramidal fibers, 818-821

paresis and, 791, 807, 808

polysensory areas, motor integration

and, 824

postcentral pyramidal contributions,

820

precentral ablation and pyramidal dis-

charges, 846

premotor area, pyramidal contribu-

tions, 820

projections from dorsal thalamus, 1326

projections to vermis, 1254

psychomotor level, 899

pupillary dilatation, 1360

pyramidal and precentral lesions com-

pared, 791

pyramidal projection areas, 846

recruiting response from various areas,

1309, 131

1

repetitive firing of Betz cells, 843

respiration and, 1 1
1

4

reticular formation and, 1287, 1293

sex behavior and, 1229

spasticity and, 791,906, 907

stimulation

autonomic concomitants, 806

gastric motility and, 1 166

pyramidal wave complexes, 842

repetitive firing and, 852

supplementary motor areas, 808

ablation and stimulation, 808-813

sympathetic vasodilator nerves and,

I '54
temporal lobe, pyramidal contribu-

tions, 82

1

unspecific thalamo-relations, 1307-

1319

voluntary movements and, 824

Cerebral cortex (area 4)

ablation

age and recovery after, 808

Babinsky after, 807

pyramidal tract and, 844

recovery after, 808

studies, 807

cardiovascular responses from, 1 149

characteristics of stimulant current and

results, 804

control of movement, 790

destruction of, 896

stimulation of, 803

motor after-discharges and, 1352,

353
Cerebral cortex (area 6), 810

destruction of, 896

extrapyramidal function and, 896-899

function, 810

simultaneous removal with basal gan-

glia lesions, 874

Cerebral hemispheres

connection in ipsilateral, 816

transcallosal connections, 817

Cerebral peduncle

stimulation and section of, 82

1

Cerveau isole

arousal in, 1288

Chemoreceptors

cardiovascular regulation

carbon dioxide tension and, 1 143

impulses from, 1143

properties, 1 143

reflexes and, 1 145

stimulation of, 1141

Chimpanzee ; see Primates

Chlorpromazine

body temperature control and, 1 191

decerebrate rigidity and, 907

EEG and, 917

EEC arousal and, 1290, 1291

Parkinson-like tremor and, 1291

Choreic syndrome

description, 865

mechanism of, 874, 879, 908, 920

subthalamic nucleus and, 879

Cingulate cortex, 1345- 1369

ablation, 811, 1365-1367

anatomy and projections, 811, 1345-

1347

arterial pressure and, 1358

autonomic responses, 1357

behavioral arousal and, 1361

connections with hypothalamus, 964

critique of term, 1346, 1367

EEG arousal and, 1363

function, 81

1

gastric motility, 1359

inhibition of cortically induced mose-

ments, 1353

inhibition of spinal reflexes, 1353

olfaction and, 1367

physiological significance, 1367-1369

pupillary responses, 1360

respiratory inhibition and, 1350

reticular formation and, 1355

seizure discharges and, 1364

somatotopic movements and, 1 356

stimulation, 1 347-1 365

'vagal' activities, arousal mechanism,

1356

vocalization, 1357

Cold stress

body water movements, 1
1
90

Colliculi, superior

anatomy, 1099

electrophysiology, 1 099
eye movements and, 1099-1 loi

lesions of, 1 1 00

proprioceptors and, 11 01

stimulation, 1 100

Conditioned reflexes

firing of units in motor cortex, 827

microelectrode recording, 826

photic stimuli, 826

Copulation

see also Reproductive behavior

hypothalamic EEG and, 1234

Coronary vessels

chemical transmission, 1
1 33

neurotransmission in, 1
1 33

Corpora quadrigemina: see Colliculi,

superior

Corpus callosum

anatomy of hemispheric connections,

817

transection, 818

Corpus striatum

see also Pallidum; Basal ganglia; Len-

ticular nucleus; Caudate nucleus;

Putamen

afferent pathways to, 869

connections with amygdala, 1398

destruction of, 874

efferent pathways, 869

function of, 876, 914, 920

in man, 875

lesions in, 867

motor activity and, 875
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status marmoratus and, 878
voluntary movements and, 825

Cortical electrogram : see Electroencepha-

logram, cortical

Corticopetal afferent systems

pyramidal tract activation by, 847
Corticopontocerebellar

paths, 816

Coughing reflex

mediation, 960

Cranial nerves

eighth, section

decerebrate rigidity and, 786

fifth, eye muscle afferents and, 1094
Cutaneous blood flow

body temperature and, 1182, 1185

central control of, i 184

hypothalamic warming and, 1183-

"85
stress and, 1 1 84

Cystitis

cystometrogram, 1220

Cystometrogram, t2o8

bladder wall and, 121

1

cystitis, 1220

decerebration and, 12 13

schematic, 1209

spinal transection and, 1 2
1

3

Decerebrate animal

arousal in, 1288

cerebellar destruction in, 1271

cystometrogram in, 1 2
1

3

feeding and drinking in, 1201

locomotion in, 1082, 1084

rigidity in, 786, 1296

sex behavior and, 1229

viscerosomatic reflexes in, 955
Decerebration phenomena

description, 786, 906

Decorticate animal : see Thalamic animal

Defecation

cortical stimulation and, 1360

Dehydration

neurosecretory material and, 1048

Dentate nucleus

stimulation of, 1 262

Diabetes insipidus

etiology, 967, 1030

Diencephalon

see also Hypothalamus; Thalamus; etc.

autonomic mechanisms, 962

extrapyramidal motor system and,

878-884

posture and, 892

sex behavior and, 1231

stimulation and ablation, 878-884
Digestive function

see also Gastrointestinal tract

central control of, 1 163-1 169

phylogenetic development, 1164

procedures for study, i 163

comparative physiology. 1 1 64

emotional influence, 1 169

gastric secretion, 11 68

gastrointestinal motility, 1166

mastication, 1 164

swallowing, 11 65
vomiting, 1 167

Distance receptors

definition, 956
Dorsal spinocerebellar tract

sensory input and, 1252

Dorsomedial nucleus: see Hypothalamus
Drinking

behavior, 1 198

central control of, 1 197-1205

central perception, 1202

compared to breathing, 1 200

ethology, 1 198

hypothalamus and, 969
interrelationships and integration, 11 99
locomotor activity, 1 204

methods of study, 1 198

psychology, i 1 98

regulation factors involved, 1202

sensation, discrimination and, 1197,

1 198

supplementary mechanisms, 1203, 1204

Dysmetria

definition, 1266

Dystonia

description, 789, 792, 867

lesions involved, 792
torsion

illustration, 868

lesions in, 881

Echinodermata

neurosecretory activity in, 1059

Electroencephalogram

basal ganglia structures and, 917
bulbocapnine and, 917
cortical

amygdaloid stimulation and, 1403

hypothalamic warming and, 11 88,

1 189

chlorpromazine and, 917
emotional arousal, 1237

hormones and, 1237

human
from basal ganglia, 917
pallidum stimulation and, 912

hypothalamic during copulation, 1234
mating behavior and, 1235

meprobamate and, 917
theta rhythm, 1 382

vaginal stimulation and, 1 236
Emotion

anatomical substrate, 1368

bladder pressure and, 1210

stress, pituitary activity and, 1026

Encephale isole

arousal in, 1288

Encephalohydrocrinie

definition, 1040

Endocrines

see also individual glands and hormones
body temperature control and, 1 189
central nervous system development

and, 1027

posture and, 1076

reciprocal relation to central nervous

system, 1015

sex behavior and, 1227, 1228

Enteric plexuses

local reflexes and, 992
Enteroreceptors

posture and, 1071

Entorhinal cortex: see Pyriform cortex

Epilepsy

masticatory, seizures in, 1 165

psychomotor

amygdala and, 141

3

hippocampal seizures and, 1387

interictal behavior, 141

4

suppression of electrical activity, 1364

temporal lobe seizures, 1357
Epilepsy, petit mal

thalamic reticular formation and,

1308-1319

Epinephrine

see also Catechol amines; Norepineph-

rine

as transmitter substance, 888, 989
in coronary vessels, 1133-1137

in skeletal muscle vessels, 1133, 1136

reticular formation and, 1289

stimulation of reticular formation, 1076

Ereismatic motility

definition, 903
description, 922

model of, 904
statokinetic regulation, 902

Estrous cycle

running activity and, 1226

ventricular injection of hormones and,

1236

Ethology

definition, 914
Extrapyramidal motor system

ablation, 872-901

aflferent mechanisms, 921

afferent pathways, 869

anatomy, 869-872

association areas and, 899
autonomic eff'erents in, 1 150

clinical disease, 865-869, 872-901, 919
cortical areas, 921

in relation to subcortical centers,

896-899

development in infants, 905

diagram of fibers, 870

diencephalic structures, 878-884

direction-specific responses, 904
disorders, mechanism, 919
efferent mechanisms, 921

efferent pathways, 869

endocrine influences, 916
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feed-back mechanisms with pyrami-

dal, goo

functional significance, 901-920

gamma motoneurons and, 922

instinctive behavior and, 913, 922

integration, reticular formation and,

9"3
interrelation

cortex and cerebellum, 899

cortex, cerebellum and spinal servo-

mechanisms, 898

lesions, 872-901

locomotion and, got

mammalian behavior and, 915

mesencephalic structures and, 884-890

motor cortex and cerebellum, 921

normal physiology of, 872-948

organization, 905, gig

pathological physiology of, 872-goi

physiological correlation, 901-919

posture and, 901

reappraisal of terms, 798, 818

responses, 792, 793

reticular formation and, 922

scope, 863

spinal reflex activity and, gog, g22

stimulation of, 872-goi

telencephalic structures, 872-878

thalamoreticular system and, gio

tremor and, r2g8

Eye movements, io8g-i 107

adversive, 1098

coUiculi and, 1 100

alpha motoneurons and, lOgs

anatomy, io8g-iog2

centers for, 1 102

frontal field and, 1102

head movement and, iog6, 1102

human, 1 102-1 107

lixation movements, 1102, 1103,

1 106

pursuit, 1 103

learning in, 1 1 04

saccadic, 1 103

integration of, 1 104

kinesthesis and, i 106

myosensory tension and, 1107

neck reflexes and, iog7

otoliths and, iog7

responses in brain, iog5

rotation and, 1095

species differences, 1089

superior coUiculus and, 1 099-1 101

vertical movement and, 1 096

vestibular reflexes and, iog5-iog7

visual cortex and, i loi

Eye muscles, iogo-iog4

afferent fibers

action potential, iog3

discharges from, 1092

fifth cranial nerve, 1094

paths from, 1093

gamma and alpha motor fibers, 1092

motor end plate, logo

motor units, 1091

nerve fiber size, log I

of goat, I og3

spindles, logo

stretch reflex and, iog4

time relations of, 1 og2

Fastigial nucleus

decerebrate rigidity, 786

destruction of, 1270

postural effects of lesions, 788

stimulation of, 1262

Fear

amygdaloid stimulation and, 1406

Feeding

behavior, 1
1
98

amygdaloid stimulation and, 1406

central control of, 1 197-1205

central perception, 1 202

compared to breathing, 1200

ethology, 1
1
98

interrelationships and integration, 1 1 gg

locomotor activity, 1204

methods of study, 1198

multifactor concept, 1203

psychology, i ig8

regulation factors involved, 1202

sensation, discrimination and, iig7,

iig8

supplementary mechanisms, 1 203, 1 204

Fever

body temperature control and, iigi

Flaccid paralysis

following motor area ablation, 807

Flexor reflexes

crossed conditioning, 946

Group II fibers, 944
Group II and III fibers and, 945

in decerebrate rigidity, 786

local sign, 936

lovtf and high thresholds, 944
Follicle-stimulating hormone

secretion

central nervous system effects, 1008

external environment and, 1008

Food intake: see Feeding

Forebrain

cardiovascular responses from, 1149

divisions of, 1 326

external portion, 1325

internal core, 1325

intrinsic sectors, definition, 1324

intrinsic systems, 1323-1341

definition, 1324

frontal

intentional behavior, 1333, 1336

lesions, 1335, 1336

model of, 1337- 1340

neurobehavioral analysis, 1 333-

1337

lesions, behavior and, 1 33

1

posterior

diff'erential behavior and, 1333

lesions of, 1327, 1332

model of, 1332, 1333

neurobehavioral analysis, 1 326-

133^

relation to extrinsic system, 1 333

lesions, problem solving and, 1326-

1340

mediobasal ablation and stimulation

of, 1337

Fornicate gyrus: see Cingulate cortex

Fornix

connections with hypothalamus, 964

definition, 1373

Fourth ventricle

pressor and depressor areas of floor,

958
swallowing area of floor, 95g

Frontal lobes: see Forebrain

Galvanic skin reflex

localization of control, g6i

Gamma motoneurons

see also Motoneurons

cerebellum and, 1 261, 1264

extrapyramidal motor system, g22

innervation to, 1068

muscle spindle activity and, gio

posture and, 1077

Ganglia

functions, discharge from, g88

synapse, structure, g87

transmission in, g89

Gastric erosions

diencephalon and, g7i

Gastric secretion

central control of, 1 1 68

Gastrointestinal tract

see also Digestive function

activity

central control of, 1 166

hypothalamus and, 1 167

amygdaloid stimulation and, 1404

Generator potential

in thermodetectors, 1177, 1178

Globus pallidus: see Pallidum

Golgi tendon organs

structure, g3i

Gonadotrophic hormones

secretion

hypothalamic stimulation and, 1024

pituitary stalk section and, 1017-

1019

transplantation and, 101 7-1 01

9

Grasp reflex

see also Instinctive grasp reaction;

Traction response

areas 4 and 6 and, 896

cortical ablation, 791

description, 791

pyramidotomy and, 839

Gyrus dentatus: see Hippocampus
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Hallervorden-Spatz disease

pallidum in, 878

Head
movements, eye movement and, 1096,

1 1 02

movements, in various species, 1098

posture, coordination of the eyes

vifith, 787

Heart

blood vessels: see coronary vessels

innervation of, 1138-1151

Heat dissipation mechanisms

hypothalamus and, 966

Heat stress

body water movements, 1 190

Hemiballism

see also Motor activity; Ballistic syn-

drome
illustrations, 866

nucleus subthalamicus and, 879

surgical relief of, 880

Hemidecortication

neurological deficit, 807

Hemiplegia, capsular

in man, 789

Hemispherectomy

motor and sensory functions persist-

ing, 814

Hering-Breuer reflex

mechanism, 1 1 2

1

respiratory regulation, 11 20

schematic representation, 1121

Herring body

nature, 1046

picture of, 1042

Heteronymous connections

definitions, 939
Hibernation

neurosecretory material and, 1 046

Hippocampal gyrus : see Pyriform cortex

Hippocampal pyramids: see Hippocam-

pus

Hippocampus, 1 373"' 394

afferent responses in, 1382

anatomy, 1375

cell terminations, 1379, 1380

connections, 1373-1380

diagram, 1374, 1375

evoked potential, 1384

field potentials, 1385

function, 1380- 1387

theories of, 1 380

human, 1391-1394

diagram, 1374

electrical discharge after stimula-

tion, 1394
terminology, 1391

olfaction and, 1381

phylogeny, 1374

projections, 1 376-1 380

schema, 1377

response to amygdala stimulation,

1402

reticular formation and, 1383

seizure discharge, 1386

single-cell recordings, 1384

spontaneous electrical activity, 1382

stimulation of, 1391

terminology, 1373

unit activity, 1385

Histochemistry

neurosecretory material, 1047

Historical development

concepts

bladder control, 1207

cerebellar ablation, 1 266-1 268

cerebellar function, 1 246

cerebellar inhibition, 1258

extrapyramidal motor system, 864

locomotion, 1067

motor cortex in man, 801

motor integration, 781

neurosecretion, 1039

posture, 1067

reproductive behavior, 1225

respiratory centers, 1 1 1

1

sensorimotor cortical activity, 797,

799
sympathetic nervous system, 979
vasomotor centers, i 139

contributors

Barrington, 1 207

Bayliss, 1
1 39

Bechterevi', 1225

Bell, 781

Broca, 797
Descartes, 781

Duverney, 1246

Flourens, 1 1 1

1

Freusberg, 782

Fritsch, 797

Gaskell, 952

Goltz, 782, 1225

Grainger, 781

Hale, 781

Hall, 782

Haller, 1246

Hitzig, 797
Horsley, 1258

Jackson, 797, 1207

Langley, 979

Legallois, 782, 1 1 1

1

Lowenthal, 1258

Luciani, 1266-1268

Magendie, 781

Mayo, 782

Mosso, 1209

Pellacani, 1209

Prochaska, 782

Rolando, 1246

Scharrer, 1039

Sherrington, 782, 1067, 1225, 1258

Steinach, 1225

Homeostasis

autonomic nervous system and, 1000

Homonymous connections

definitions, 939
Hunger

discrimination of, 1
1
98

sensation as a guide to eating, 1
1 97

Huntington's chorea

lesions in, 875
Hydrencephalocrinie

definition, 1046

Hydrogen ion concentration

carbon dioxide tension, 11 18, 1143

5-Hydroxytryptamine

EEG arousal and, 1291

Hyperglycemia reflex

mediation, 960

Hyperkinesis

see also Athetoid syndrome; Ballistic

syndrome; Choreic syndrome

central nervous system explanation,

908

description, 908

sleep and arousal and, gio

Hypermetria

definition, 1266

Hyperpnea

see also Respiration; Polypnea

muscular activity and, 1 125

Hypersexuality

pyriform cortex and, 1230

Hypertonus

origins of, 786, 807, 1273

Hypokinetic-rigid motor syndromes

description, 865, 868

Hypometria

definition, 1 266

Hypothalamicospinal pathways

cardiovascular control, 1 148

Hypothalamic-pituitary system

connections, 965, 967

with anterior pituitary, 1008

with neurohypophysis, 1029

invertebrates, 1058

localization of sites for pituitary

secretion, 1026

ontogeny, 1047

schematic diagram of, 1041

staining with chromhematoxylin, 1040-

1056

Hypothalamus

see also Supraoptic nucleus; Paraventri-

cular nucleus

afferent connections, 964

anatomy of, 963-965

anterior, neurosection in, 1056

arcuate nucleus, 964

autonomic activities, 965

behavior and, 969-972

body temperature control, 966

body water movements, 1
1
90

cardiovascular control and, 1 147

chronic ablation studies, 1 179, 1 184

comparative functions, 11 99
dorsomedial nucleus, 964
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efferent connections, 964
food intake and, 1201

function, 965-969

gastrointestinal actisity, 1167

heating, 1 176

heat-loss center, 1 1 79, I 180

influence on puberty, 1019

lesions

ACTH secretion and, 1023

diabetes insipidus and, 1031

TSH secretion and, 1023

local heating, cutaneous blood flow

and, 1 177

mammillary area, 964
motor integration and, 788

nuclear extracts, assay, 1 052

nuclear extracts, physiological action,

1051

panting and, 1 181

periventricular nuclear system, 964
posterior, lesion of, 911, 912

regulation of food and water intake,

1200

sex behavior and, 969, 970, 1231-1233,

1234

shivering and, 1 187

sleep and, 971

stimulation, 11 78- 11 89
ACTH secretion, 1025

anterior pituitary activity, 101

1

catechol amine secretion, 1 148

cervical sympathetic discharge, 1147

gonadotrophic secretion, 1024

PBI blood level and, 1025

pressor effects, 1
1
48

target gland activity and, 1024

thermal, 1182-1189

TSH secretion, 1025

supraoptic area, 963
sympathetic vasodilator nerves and,

'53
thermodetectors in, 1 174-1 178

thirst and, 1204

tuberal portion, 963

vasomotor neurons, 1
1 47

ventromedial nucleus, 964

Hypotonia

asthenia, 1274

definition, 1266

origins of, 1 274

Icterus gravis

pallidum in, 878

Inferior mesenteric ganglia

reflexes and, 991, 992

Input

behavioral, definition, 1334

Insects

neurosecretory activity in, 1060

Instinctive behavior

see also Arousal; Behavior; Attention;

Wakefulness

extrapyramidal motor system and, 922

in fishes, 914
rotary movements in cats, 916

Instinctive grasp reaction

see also Grasp reflex; Traction response

description, 791

Intercollicular section

rigidity, types, 787

Intra-abdominal pressure

bladder pressure and, 1210

Intrinsic systems: see Forebrain, intrin-

sic systems

Invertebrates

hypothalamic-pituitary system, 1058

neurosecretion, 1057-1060

Joint receptors

central effects of, 1 070

Kinesthesis

eye movements and, iio6

Labyrinthine reflexes

see also Righting reflexes; Postural re-

flexes; Tonic neck reflexes

decerebrate rigidity and, 786

Lactation

interrelation of pituitary lobes in, 102

1

Lactogenic hormone

secretion

oxytocin and, 1014

pituitary stalk section and, 1021,

1022

transplantation and, 1021, 1022

Law of denervation

statement, 993
Lengthening reflex: see Myotatic re-

flexes

Lenticular nucleus

see also Pallidum; Basal ganglia; Cor-

pus striatum; Caudate nucleus; Puta-

men
stimulation of, 876

Limbic gyrus; see Cingulate cortex

Limbic lobe: see Cingulate cortex

Locomotion, 1079-1085

afferent modalities, 1079 ,1080

afferents and, 1083

anatomic representation, 789

extrapyramidal motor system and, got

in decerebrate animals, 1 082

local afferents, 1080

periodicity, 1080-1083

precision of movement, 1083

reflexes in\ol\'ed, 1079

relation to posture, 1079

rhythmicity, 1080

neural balance and, 1082

background facilitation, 1081

distant afferents, 1081

LSD
EEG arousal and, 1291

Luteinizing hormone
secretion

adrenergic control of, 1012

central nervous system effects on,

1008

external environment, 1008

Luteotrophic hormone
secretion

central nervous system effects on,

1008

external environment and, 1008

Mammillary bodies

connections with hippocampus, 1378
Man
amygdala in, 1396

amygdaloid lesions in, 1412

bladder

hypertonicity, 1214

hypotonia in, 1213

body temperature control, 1
1
92

capsular hemiplegia in, 789
centrum medianum, 881, 882

stimulation, 882

cerebellar deficiencies, 1275

choreic syndrome, 865

corpus callosum, function, 818

corpus striatum

function, 920

lesions in, 875
decorticate, wakefulness, 1288

distribution of cortical cell types, 1 346
extrapyramidal motor system

in infants, 905
organization, 905, gig

stimulation, 8gg
eye mo\'ements, 1 102

hemiballism, 866, 87g, 880

hippocampus in, 1374, 1391-1394

Huntington's chorea, 875
lesions

in nucleus niger, 886

stimulating thalamic animal, 790
medullary pyramid, lesions of, 822

mesencephalic, behavior, 915
micturition, 1218

motor cortex in, 800-803

nucleus lateropolaris, stimulation, 884

nucleus ruber, 888

destruction, 890

upper and lower syndrome, 889

nucleus subthalamicus, 879
nucleus ventro-oralis anterior, stimu-

lation, 884

nucleus ventro-oralis internus, stimu-

lation, 884

pallidum

lesions in, 877

stimulation, 877

Paranaud's syndrome, 1101

posture

adjustments in, 1078

maintenance of, 1074

upright position, 905
respiratory arrest, 1 35

1
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second somatic area in, 810

spinal paths of bladder control, 1222

supplementary motor areas, 809

thalamic nuclei, stimulation, 883

Marsupials

motor cortex in, 799
Mass reflex

description, 783

mechanism, 783

Mastication

central control, 1 1 64
pyriform cortex and, 1357

Maternal behavior

neural lesions and, 1233

Mediobasal forebrain

model of mechanisms, 1 339

Medulla oblongata

bladder control and, 1218

cardiac centers, 1
1
40

cardiovascular control, 1 139-1 147

cardiovascular discharge, rhythmicity,

1 141

integration of vital regulation, 958

pressor and depressor regions, 1
1 39

localization, 1 140

tonic activity, 11 39
pyramids

lesion in infants, 822

section of, 822

stimulation, 840

respiratory centers in, 1 1 1

2

spinal vasomotor pathways, descrip-

tion, 1 141

stimulation, vasodilation and vaso-

constriction and, 1
1 53

sympathetic vasodilator nerves and,

1 152

termination of pyramidal fibers in,

822

vagal reflex centers, 1122

vasomotor neurons

carbon dioxide tension, 1 146

oxygen tension, i 1 46

vasomotor reflexes

description, 1
1
4 1

- 1
1
46

efferent pathways, 1
1 45

vasoconstrictor tone and, 1 146

Medullary pyramids: see Medulla ob-

longata, pyramids

MeduUated fibers; see Nerve fibers,

myelinated

Memory
amygdaloid stimulation, 1406

Mephanesin

EEG arousal and, 1290

Meprobamate

EEG and, 917

Mesencephalon

autonomic centers in, 960

cardiovascular control and, 1147

righting reflexes and, 787

stimulation and ablation, 884-890

stimulation, vasodilation and, 1152

structures responsible for posture, 891

sympathetic vasodilator nerves and,

1152

vasomotor neurons, i r 47

Micturition

see also Bladder, Cystometrogram

afferent basis of, 1221

central control, 1214, 1220

myotatic reflex, 12 15, 1219

pathological physiology, 12 18

reflex

control at neural levels, 1219

cystometrogram, 1 2 1

1

stimulation and, 121 7

transections at various levels and,

1210

threshold, definition, 1208

Midbrain: see Mesencephalon

Milk-ejection reflex

oxytocic hormone and, 1032

Mollusca

neurosecretory activity, 1059

Monkey : see Primates

Monosynaptic reflexes

autonomic, 953
evoked compared to natural, 938

gastrocnemius, pinch stimuli and, 945

heteronymous transmission, 939
interconnection, 939
myotatic, 938
of lower sacral and caudal segments,

948

quadriceps, cross conditioning of, 946

relations between antagonists, 939,

940
relations between synergists, 939, 940

response to single shock, 939
stretch-evoked afi'erent discharge, 943

stretch origin, 939
Monotremes

motor cortex in, 799
Motoneurons

see also Gamma motoneurons

activation patterns in posture, 1072

alpha, cerebellum and, 1261, 1264

flexor and extensor, conditioning of

943
interaction between alpha and gamma,

886, 901, 1077

pyramidal volleys, 858

relation to type of muscle fiber, 1072

segmental, suprasegmental influence,

1293

tonic and phasic, 1073

Motor activity

see also Athetoid syndrome; Ballistic

syndrome; Choreic syndrome; Sen-

sorimotor integration; etc.

ablation and, 813

amygdala stimulation and, 1404

conditioned, 826

contraversive turning

caudate nucleus and, 873

neuronal mechanisms, 894-896

cortically induced, areas affecting, 1354

corticosubcortical interrelations and,

828

direction-specific movements, 890, 903

downward movements, neuronal mech-

anisms, 893
ipsiversive turning, neuronal mecha-

nisms, 894
parietal lobe influences, 827

patterns

in postural tone, 1071

of attention, 912

pyramid stimulation and, 840

pyramid-evoked, temporal summation,

840

relays compared to afferent, 935

responses from supplementary motor

areas, 808

response to suppressor areas, 1 35' -1 353
rotation around longitudinal axis,

neuronal mechanisms, 890

sensorimotor integration of, 822-829

somatotopic movements, cerebral cor-

tex and, 1356

statokinetic regulation, 902

striatal system and, 87"^

teleokinetic and ereismatic motility,

902

upward movements, neuronal mecha-

nisms, 892

voluntary

cerebellar influence, 1274

cortical components, 824

eye movements and, 1 096

initiation in centrencephalic sys-

tem, 825

Motor cortex : see Cerebral cortex (area 4)

Motor integration, 781-794

auditory input and, 823

central nervous system function in, 793
cerebral-cerebellar interrelations, 816,

899-901, 1253, 1263, 1274

cortical control, 790

hemispherectomy and, 814

hypothalamus and, 788

motor cortex and, 790

sensory afFerents and, 823

spinal, 781-786

suprasegmental, 786-794

temporal cortex, 812

vestibular inpiU and, 824

visual control, 791, 823

Movement, decomposition of

definition, 1266

Multiple object problem

diagram, 1328

Multisynaptic reflexes

autonomic, in spinal cord, 953

Muscle

afferent libers

central effects of, 1069
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diameter, 930
peripheral origin, 931

antagonists, facilitation, 942

blood flow

motor stimulation and, 806

vasodilators and, 1155

efferent libers

alpha and gamma, 933
diameter, 933
function and diameter, 934

eye muscles, 1090- 1094

fiber type, relation to motoneuron, 1072

flower-spray endings, function, 1082

intrafusal fibers, 1068

length

in rigidity and spasticity, 887

reflex control, 910

phasic contractions, definition, 1266

plcisticity, description, 1067

representation in motor cortex, 805

smooth

denervation and, 993
myogenic automaticity, 993

striate, tone, cerebellum and, 1264

synergists, disynaptic inhibition of, 942

tension, reflex control, 910

voluntary contraction, unit activity,

1073

Muscle spindles

activity, gamma motoneurons and, gio

description, 1068

gamma innervation, 886

identification of endings, 1068

in eye muscles, 1090

motor innervation and posture, 1076

role in posture, 1069

structure, 931

Muscle tone

definition, 1266

plastic

reflex character, 887

surgical treatment, 887

striate muscle, cerebellum and, 1264

suppressor areas and, 1352

Myoclonic syndrome

description, 867

Myosensory tension

definition, 1 1 07
Myotatic reflexes

definition, 1068

enhancement in rigidity, 887

in spinal animal, 784
inverse, description, 941

micturition and, 12 15, 12 19

monosynaptic response, 785

nucleus niger and, 888

self-energizing eff^ect, 785
Myotatic unit

definition, 941

Nerve fibers

see also Afferent fibers

groups A, B and C, 984

caliber spectra, 984
heterogenous regeneration, 996
myelinated, distribution, 983
regeneration, 995, 996

species differences, 995
Nerve impulse

frequency, 1134, 1 137

Neurocrinie

definition, 1039

Neurohormones

see also Neurosecretion

activation of anterior pituitary, 1012

transfer of stimuli by, 1012

Neurohypophysis: see Posterior pituitary

Neuromuscular transmission

in blood vessels, 11 33-1 137
skeletal muscles, 1

1
36

Neurons

as neurosecretory cells, 1040

Neurosecretion, 1039- 1060

ACTH release, 1054, 1055

centrifugation of granules, 1 043
electromicroscopy of granules, 1 043
into ventricular fluid, 1046

invertebrates, 1057- 1060

lumbricus, 1057

peripheral nervous system, 1 056

staining methods for, 1043

systems, not staining with chrom-

hematoxylin, 1056

vertebrates, 1040- 1057

Neurosecretory fibers

definition, 1040

electrical activity of, 1053

termination in various parts of brain,

1046

Neurosecretory granules

centrifugation, 1043

differentiation from mitochondria,

1045

electromicroscopy, 1 043
from various species, 1044

staining methods for, 1043

Neurosecretory material

axon transport, 1053

control of anterior pituitary and, 1055

correlation

with antidiuretic hormone, 1048

with posterior lobe hormones, 1050

effects of depletion, 1 048

experimental reduction of, 1048

hibernation, 1046

histochemistry, 1047

ontogeny, 1047

staining for sulfhydryl groups, 1047

supraopticohypophyseal tract and, 1050

transfer, 1046

Norepinephrine

see also Epinephrine, Catechol amines

as transmitter substance, 1000

as transmitter substance in coronary

vessels, 1 133, 1 137

at postganglionic adrenergic nerve

terminals, 1
1 33

in skeletal muscle vessels, 1
1 33

Nucleus interstitialis

rotation and, 891, 893

Nucleus lateropolaris ; see Thalamic

nuclei

Nucleus niger

ablation of, 884

epinephrine in, 888

function, 888, 920

lesions in, 868

man, 886

Parkinsonism and, 885

stimulation of, 884

Nucleus reticularis: see Thalamic nuclei

Nucleus ruber

ablation, 88g

as efferent path for extrapyramidal

motor system, 872

destruction in man, 890

function, 920

hypokinesia and, 787

in various species, 888

stimulation, 888

Nucleus subthalamicus

contraversive syndrome and, 879
destruction in man, 879
function of, 880

lesions in, 867

stimulation of, 878

Nucleus, ventrocaudalis : see Thalamic

nuclei

Nucleus ventrointermedium : see Thal-

amic nuclei

Nucleus vcntro-oralis: see Thalamic

nuclei

Nystagmus

cerebellar, i t 06

definition, 1098

optokinetic, 1099, 11 01, 1102

production of, 1098

reticular formation and, 913

Obesity

hypothalamus and, 969

Occipital cortex: see Visual cortex

Oculomotor nerve

autonomic functions of, 962

eye movements and, 1094, 1095

Olfaction

cortical areas for, 1 367

hippocampus and, 1381

Olfactory brain

critique of term, 1 367

Olfactory cortex

inhibition and, 1356

Optokinetic nystagmus: see Nystagmus,

optokinetic

Optovestibular regulation

posture, 901

Orbital cortex

gastric motility, 1359
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posterior, ablation, 1366

'vagal' activities, 1355

Orbitoinsulotcmporal cortex

ablation, 1365- 1367
anatomy, 1 345-1 369
arterial pressure and, 1358

autonomic responses, 1357

behavioral arousal and, 1361

EEG arousal and, 1363

gastric motility, 1359

inhibition from, 1356

inhibition of

cortically induced movements, 1 353
spinal reflexes, 1353

olfaction and, 1 367

physiological significance, 1 367-1369

pupillary responses, 1 360

respiratory inhibition and, 1350

reticular formation and, 1 355
seizure discharges and, 1 364

somatotopic movements and, 1356

stimulation, 1347- 1 365

vocalization, 1357

Otoliths

eye movements and, 1 097
Ovaries

activity after hypophysectomy, 1016

Ovulation

pharmacological blockade of, 1013

Oxygen tension

carbon dioxide tension, 1
1 43

cardiovascular regulation, 1 145
medullary vasomotor neurons, 11 46

spinal vasomotor neurons, 1
1
46

Oxytocic hormone
milk-ejection reflex and, 1032

parturition and, 1032

secretion, reflex activation of, 1032

site of production, 968

sperm transport and, 1033

stimulation of lactogenic hormone
secretion by, 1014

Pacinian bodies

posture and, 1070

Pallidofugal paths

as efferent path for extrapyramidal

motor system, 87

1

Pallidum

see also Basal ganglia; Corpus striatum;

Lenticular nucleus. Caudate nucleus;

Putamen

anatomy, in different species, 876

connections with hypothalamus, 964

cortical connections, 887

external, lesions in, 878

function, 920

lesions of, 874, 876

nucleus endopeduncularis in carnivores

and rodents, 876

pathology in various diseases, 878

relation to Parkinsonism, 877, 887

sensorimotor integration and, 815

stimulation of, 876

studies in man, 877
Papez circle

anatomy, 1347

emotion and, 1347

Paraplegia

reticular formation, 1297

Parasympathetic nervous system

see also Autonomic ner\ous system

organization, 981

problems of, 982

transmitters in, 979
vasodilator nerves

peripheral distribution, 1137

physiological properties, 1
1
38

N'asomotor regulation and, 1 156

Paraventricular nucleus

see also Hypothalamus

water depri\'ation, 1 049
Paresis

control, cerebral cortex and, 791

due to pyramidotomy, 838

Parietal cortex

lesions of, 827

motor activity, 827

motor integration, 812

Parinaud's syndrome

colliculi and, i loi

Parkinsonism

see also Tremor; Rigidity

description of, 865

gamma innervation of muscles in, 886,

910, 920

lesions in, 885

mechanism of, 919
muscle length and tension in, 886

nerve pathways in, 885

origin of resting tremor, 886, 907

pallidum in, 887

surgical treatment, 885, 887

tremor, electromyographs of, 908

Parturition

oxytocic hormone and, 1032

Phasic reflexes

mechanisms, 1274

Phrenic nerve

action potentials from, 1119

rhythmic activity, 1 1 19

Piloerection

body temperature control, 1 185

cortical stimulation and, 1360

Pituicytes

function in neurosecretion, 1 046

Pituitary gland

see also Anterior pituitary; Posterior

pituitary

activity

emotional stress and, 1026

when transplanted, loi i

blood supply to, 1010

connections with hypothalamus, 965,

967

extirpation, endocrine activity after,

1016

localization of stimulation sites in hypo-

thalamus, 1026

pars distalis, innervation, 1009

portal \essels

anatomy, loio

function, loi 1

regeneration, loii

secretion, central control, 1007- 1034

Pituitary stalk section

adrenocorticotrophic secretion after,

1019, 1020

anterior pituitary activity after, 1016-

1022

eff^ects of, 1016

gonadotrophic secretion after, 1017-

1019

lactogenic hormone secretion after,

1021, 1022

regeneration, 1017

thyrotrophic secretion after, 1020, 1021

Placing reactions

release of, 792

Plantar reflex

pyramidotomy and, 839
Pneumotoxic center

in pons, 960, 1 1
1

3

Polypnea

see also Respiration; Hyperpnea

body warming and, 1 182

central control, 1182

mechanisms of, 1 181

salivation and, 11 86

upper brain stem and, 1 1 13

Pons

apneustic center, 1 1 13

integration of vital regulation, 958
pneumotaxic center, 960, 1 1

1

3

respiratory centers in, 1 1 12

Posterior orbital cortex: see Orbitoinsiflo-

temporal cortex

Posterior pituitary, 1029- 1034

see also Pituitary gland; Anterior

pituitary

adrenal medullary hormones, 1033

blood osmotic pressure and, 1031

connections with hypothalamus, 1 029

depletion of neurosecretory material

in, 1049

extract, body temperature control and,

1 189

function, 1053, 1054

innervation, 1030

nervous control of, 967

nervous reflex modifications of, 1030

reflex activation, 1033

subdivisions, 1009, 1029

supraopticohypophyseal tract and, 1052

Postural reflexes

see also Righting reflex; Tonic neck

reflexes; Labyrinthine reflexes

central facilitation, 1075



INDEX 1435

in spinal animal, 784

reticular influences and, 1076

spinal afferent influences and, 1075

vestibular influences and, 1075

Postural tonus

definition, 1 265

Posture

adjustment, 1077, 1078

central levels, 1078

afferents in, 1078

in man, 1078

afferents

alpha and gamma, 1077

from joints, 1070

from muscle, 1068

afferents concerned, 1068-1071

alpha efferents and, 1077

center of gravity, 1074

central aspects, 1075-1079

cutaneous receptors and, 1070

diencephalic structures responsible, 892

efferent side, 1071-1075

endocrines, 1076

enteroreceptors, 1071

Group II fibers and, 944
integration by reticular formation, 902

in man, ontogeny, 905

maintenance in man, 1074

mesodiencephalic structures responsi-

ble, 891

motor innervation of spindles and, 1076

muscle and ligament, elasticity and,

1074

muscle plasticity and, 1067

patterns of motoneuron activation, 1071,

1072

relations to locomotion, 1079

reticular formation and, 1291

role of extrapyramidal motor system,

901

species difference in regulation, 902

Pressor mechanisms

iee also Vasomotor mechanisms

pathways, in spinal cord, 956
receptors, influence on respiration, 1 124

Primates

Babinsky response in, 808

cerebellar lesions in, 1269-1271

cortical areas yielding respiratory re-

sponse, 1349

cortical pyramidal projection areas.

846, 848

forebrain divisions, 1326

hemidecortication in, 807

motor cortex in, 800

nucleus ruber, 888

destruction of, 889

origin of pyramidal tract, 844, 845
pyramidotomy in, 838, 839
pyramidal axons and motoneurons, 839
pyramidal projection in, 846, 848

representation of body parts in supple-

mentary motor areas, 809

Problem solving

forebrain lesions and, 1326-1340

Prolepsis

definition, 905
Proprioceptive placing

cortical ablation and, 792

true grasp reflex and, 792

Proprioceptive system

cerebellar activity and, 1257

Proximal athetosis: see Dystonia

Puberty

influence of pituitary and hypothala-

mus, 1019

Pulmonary edema
diencephalon and, 972

Pulmonary receptors

afferent fibers and, 1 144
Pulvinar nuclei

grasping and avoiding responses, 792
Pupil

amygdaloid stimulation and, 1405

dilatation, cerebral cortex and, 1360

Putamen

see also Pallidum, Basal ganglia, Corpus

striatum; Caudate nucleus; Lenticu-

lar nucleus

lesions in, 867, 874
response to stimuli, 918

sensorimotor integration and, 815

Putaminonigral connections

as efferent path for extrapyramidal

motor system, 869

Pyramidal tract, 837-860

see also Betz cells

activation by corticopetal afferent

systems, 847-850

afferent fibers in, origin, 856

anatomy, 837
antidromic stimulation and, 846, 848

appraisal of terms, 798, 818

autonomic efferents in, 1 150

axon spikes from, 843
cerebral peduncle and, 821

collaterals, 839
compound action potential from, 856

conditioning, motoneuron discharge

and, 859
conduction velocities, 856

cortical excitation and, 841-844

D wave

anatomical contributors, 841

cortical areas evoked from, 844
definition, 841

relation to units fired for I wave, 842

descending connections, 82

1

discharge, cortical delay, 850

feed-back mechanisms with extra-

pyramidal, 900

fiber sizes and conduction velocities,

855
I wave

anatomical contributors, 841

definition, 841

relation to units fired for D wave,

842

in spinal cord, 858

interrelation with cerebral cortex and

cerebellum, 900

medulla and, 822

medullary pyramids and, 822, 840
origin of fibers, 818-821, 844-847
physiological role, 838-841

responses

anesthesia and, 849
contra- and ipsilateral stimulation,

849
cortical injury and, 849
forepaw and cortical stimuli, 857

section of

pyramidal cells and, 839
results, 838-840

technic, 838

spinal connections, 859
spinal mechanism of, 858-860

stimulation. 840

autonomic effectors and, 840

interareal spread and, 846

movement patterns, 840

stimulus spread and, 840

topographical organization and course,

857, 858

tremor and, 1298

volleys, effect on motoneurons, 858

Pyriform cortex

definition, 1373

EEC from, 1362

hypersexuality and, 1230

masticatory response, 1 357

Rage
amygdaloid stimulation and, 1406

hypothalamus and, 970
Railway nystagmus : see Nystagmus,

optokinetic

RAS : see Reticular formation

Rebound
discussion, 787

in spinal animal, 788

in thalamic animal, 788

Recruiting response

anesthetic and, 1290

blocking of, 1318

cerebral cortex, 1311

characteristics, 1309

comparison with augmenting re-

sponses, 1316, 1 31

7

definition, 1308

dendritic potential waves and, 1310

drugs and, 1290

facilitation of motor activity, 1316

in different cortical areas, 1309

in visual cortex, site of stimulation, 1312

microelectrode studies, 1 309

Red nucleus ; see Nucleus ruber

Reflexes

see also individual reflexes
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analysis of entities, 929
control of mid-line structures, 947
crossed, of cutaneous origin, 946

effects of myelinated aflTerent libers, 946

local sign in, 936
mechanism, 935
mediated by autonomic ganglia, 991

myotatic pathways, 941

neuronal pools, segmental, 953
of cutaneous origin, 944
pyramidectomy and, 839

recovery in spinal animal, 782

Reproducti% e behavior

see also Behavior

central control of, 1228-1238

cerebral cortex and, 1229

diencephalic mechanisms, 1231

factors influencing, 1227

hypothalamic mechanisms, 1231-1237

hypothalamus and, 969
lower brain-stem mechanisms, 1229

neural lesions and, 1228-1234

neural stimulation and, 1 234-1 238

reticular formation and, 1237

rhinencephalon and, 1229, 1237

self-stimulation and, 1236

spinal mechanisms, 1229

ventricular injection of hormones and,

1236

Reptiles

motor cortex in, 799
Reserpine

EEG arousal and, 1290, 1291

Parkinson-like tremor and, 1291

Respiration

see also Hyperpnea; Polypnea; Apneusis

amygdaloid stimulation and, 1404

arrest, hippocampal stimulation and,

1392

body temperature and, 1 181, i 184

cortical and cerebellar influence, 1 1
1

4

electrical stimulation of brain stem and,

1 1 14

heating of hypothalamus and, 11 76,

1 183

inhibition, cingulate cortex and, 1350

muscles

electromyographic studies, 11 19

rhythmic activity, 1 1 19

neural control, 1111-1126

normal, explanation, 1116

pressoreceptor influence, 1 1 24

rate

cortical areas and, 1348, 1349, 1351

heating of anterior hypothalamus

and, 1
1
76

reticular formation and, 1 299
rhythmic, mechanisms for, 1 1 16

Respiratory centers

anatomy of, 1 1 1 1 - 1 1 1

6

functional scheme, diagram, 1 1 18

in spinal cord, 1 1
1

5

inspiratory and expiratory, 959, 1 1 1

2

localization, 1 1 1

2

pneumotaxic, 1 1
1

7

primary and secondary, 1 1 1

1

primary

in medulla oblongata, 1112

in the pons, 1112

reciprocity, 1 1
1

7

rhythmicity, 1 1
1

7

vagotomy and, 1 1 1

8

Respiratory reflexes

chemoceptive, 11 23, 1145

proprioceptive, 1124

protective, 1 1 24
swallowing and, 11 25
trigeminal nerve and, 1 125

Respiratory regulation

aortic chemoreceptors, i 1 23
basic rhythms, 1 1 1

8

carbon dioxide, 1 1 18

carotid bodies, 1 123

cortical stimulation and, 11 15

descending spinal tracts, i j 16

extrinsic, 11 20- 11 26

Hering-Breuer reflex and, 1 120

intrinsic, 1 1 16-1 120

medullary center, 959
muscular activity and, 1 1 25
psychic influences, 1 1

1

9

spinal pathways, 956
upper brain stem and, 1 1 13

\agal chemoreccptive, 1 1 23
vagus and, 1 120

Response

behavioral, definition, 1334

Reticular activating system: see Reticular

formation

Reticular formation, 1281-1301

acetylcholine and, 1289

akinetic mutism, i 297

anatomy, i 281 -1284

arousal response, 1 287

ascending influences, 1284-1 291

autonomic mechanisms and, 1 298, 1 299
basal ganglia and, 1 285, 1 295
body temperature control and, 1 188

carbon dioxide and, 1 289

cardiac center, ! 1 40

central brain stem and, 1283

cerebellum and, 1285, 1294

cerebral cortex, 1 293
cingulate cortex and, 1355

conduction rates, 1285

connections with amygdala, 1398

cortical responses, 1 287

corticifugal connections, 1285

descending influences, 1 291 -1 298

description, 957
drug effects, 1289, 1290

electrophysiological characteristics,

I 284-1 287

epinephrine and, 1076, 1289

evoked potentials, 1 284-1 286

excitatory and inhibitory centers in, 961

extrapyramidal integration and, 913,

922

facilitation, 1292

hippocampus and, 1383

inhibition, 1291

integration of postural mechanisms, 902

interneurons and, 1293

lesions in, 867

microelectrode studies, 1 286

mood-altering drugs and, 1 290

motor mechanisms and, 828

neurohumoral mechanisms, 1 288, 1 289

neuronal structure, 958
neuronography, 1 285

nystagmus and, 913
paraplegia, 1 297
pontine

in decerebrate rigidity, 786

proprioceptive positive supporting

reaction and, 786

pressor and depressor regions, 1
1 39

projections

from cerebellum, 1256

from thermodetectors, 1 1 88

pyriform cortex and, 1 355
regulation of quantities of food and

water, 1 200

relation to imspecific thalamic projec-

tion system, 1317-1319

repetitive stimuli and, 1286

respiratory centers in, 1 1 1

2

reticulofugal projections, 1284

reticulopetal connections, 1282, 1293

sensation and, 1300

sensory connections, i 284, 1 296

sex behavior and, 1 237
sleep, 1287, 1288

spasticity and, 1296

thalamic nuclei and, 1283, 1317-13 19

tremor and, 1 298

upper midbrain, activation by epi-

nephrine, 962

\ estibular mechanism, 1 295
wakefulness and sleep, 1 287, 1 288

Reticulospinal tracts of Papez, auto-

nomic activity and, 956

Reticular system, thalamic: see Unspecitic

thalamocortical projection system

Retina

projection to cerebellum, 1 098

Rhinencephalon

autonomic function and, 973
cardio\ ascular control, 1

1
50

critique of term, 1367

functional difference from hypothala-

mus and brain stem, 1416

reproductive behavior, 1 237

sex behavior and, 1229

Righting reflexes

see also Postural reflexes; Tonic neck

reflexes; Labyrinthine reflexes

anatomic representation, 789

midbrain animal and, 787
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Rigidity-

description of, 865

mechanism of, 919

muscle length, 887

surgical treatment, 887

Rolandic motor area: see Cerebral cortex

(area 4)

Rotation

eye movements in response to, 1095

Ruffini endings

posture and, 1070

Salivation

body temperature control and, 1 185

cortical stimulation and, 1360

emotion and, 1 1 69
Salivary glands

denervation and, 993
Salivary reflex

mediation, 960

Schizophrenia

body temperature control in, 1185

Second somatic area

ablation of, 810

function, 809

Self-stimulation tcchnic

sex behavior and, 1236

Septal area

connections with hippocampus, 1378

Sensorimotor cortex

activities, 797-828

afferents from thalamus, 814

difficulties of study, 797

Sensorimotor integration

see also Motor activity

ablation of cortical motor area and,

807, 808

afferents to cortex, 814-818

after cortical ablation, 808-814

caudate nucleus and, 815

cerebellocerebral interrelationships and,

815

cerebellum and, 815

efferents from cortical areas, 818-822

globus pallidus and, 815

of motor activities, 822-829

putamen and, 815

stimulation of

cortex and, 808-814

cortical motor area, 803-806

striopallidothalamocortical interrela-

tionships, 815

Serotonin: see 5-Hydroxytryptaminr

Sex drive

definition, 1226

methods of assessing, 1226

Sexual behavior : see Reproductive be-

havior

Shivering

body temperature control and, 1 186

description of, i 187

hypothalamus and, 966

Skin

see also Cutaneous blood flow

afTerent fibers

diameter, 930
modalities of sensation, 933

receptors, posture, 1070

Sleep

caudate nucleus stimulation and, 873

induction of, i 288

production of, 91

1

reticular formation, 1287

Sleep-waking mechanisms

hypothalamus and, 971

Sneezing reflex

mediation, 960

Sodium chloride overloading

neurosecretory material and, 1048

Sokownin crossed bladder reflex

explanation, 990
Somatomotor responses

cortical stimulation and, 1355

Somatosensory area I

antidromic and orthodromic stimula-

tion, 849
characteristic Betz cell response, 850

contra- or ipsilateral stimulation, 848

pyramidal libers from, 846

Spasticity

control, cerebral cortex and, 791

muscle length, 887

Sperm transport

oxytocic hormone and, 1033

Spinal animal

body temperature control, 1 180

description, 781

history, 782

locomotion in, 1084

postural reflexes, 784

rebound, 788

recovery of reflexes, 782

stretch reflexes, 784

vasoconstriction in, 1
1
38

viscerosomatic reflexes in, 954

Spinal cord

autonomic mechanisms in, 952

course of pyramidal tract in, 858

cranial control of, 929

distribution and properties of afferents,

934
internuncial circuits, characteristics,

937
interrelations cortex, cerebellum and

extrapyramidal motor system, 898

mechanisms involscd in somatic activ-

ities, 929-948

neurosection in, 1056

pathways of bladder control, 1222

respiration centers, 1 1 15

sex behavior and, 1229

sympathetic vasodilator nerves and,

1 152

vasoconstrictor representation, i 138

Spinal mechanism

afferent fibers, 931-933
afferent paths, 930

cutaneous reflex action, 944-947
liaison, afferent and motor paths, 934-

938
motor paths, constitution, 933, 934
muscular reflex action, 938-944
somatic activities and, 929

Spinal reflexes

see also Reflexes

afferent paths, 930
coordination, 785

deterioration, 783

extrapyramidal motor system, 909, 922

pattern of, 784
recovery, 782

Spinal shock

central nervous system counter action,

783

description, 956
nature of, 783

Spinal vasomotor mechanism

neurons, carbon dioxide tension, 11 46

neurons, oxygen tension, 1
1
46

pathways, description, 1
1 39

reflexes, 1 138

Spinothalamic system

reticular formation and, 1282, 1293

Spreading depression

relation to suppression, 813, 1351

Startle reaction

description, 907

Statokinetic mechanisms

brain-stem centers, 890-896, 92

1

definition, 890

sensory systems responsible, 890

Status marmoratus

corpus striatum in, 878

Stretch flexor reflex

description, 941

Stretch reflexes : see Myotatic reflexes

Striatum : see Corpus striatum

Strionigral system

as efferent path for extrapyramidal

motor system, 869

Striopallidocortical systems

as efferent path for extrapyramidal

motor system, 87

1

Striopallidoreticular system

as efferent path for extrapyramidal

motor system, 869

Striopallidothalamocortical interrelation-

ships

sensorimotor integration and, 815

Strychnine

cerebeUar activity and, 1255

systemic administration, 1255

Substantia nigra : see Nucleus niger

Sucking reflex

mediation, 960

Sulfhydryl groups

in neurosecretory material, 1047
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Superficial reflexes : see Reflexes

Suppression

areas for, 897, 1294, 1351

characterization, 812

relation to spreading depression, 813,

351
reticular formation and, '293

Supraopticohypophyseal tract

see also Pituitary stalk

neurohypophysial hormones, 1052

neurosecretory material, 1 030

Supraoptic nucleus

see aho Hypothalamus

neurosecretion by, 1 042

water deprivation and, 1 049
Swallowing

cardiac and respiratory changes, 959
central control of, 959, 1 1 65
reflex mediation, 960

respiratory protective reflexes, 1 1 25
Sweating

body temperature control, 1 185

hypothalamic thermal stimulation,

1 186

Sweat glands

denervation and, 993
Sydenham's chorea

lesions in, 875

Sympathetic nervous system

see also Autonomic nervous system

homeostasis and, 1000

organization, 980

transmitter in, 979
Sympathetic vasoconstrictor nerves

cardiovascular control, 1
1
32

chemical transmission, 1133, 11 36

Sympathetic vasodilator nerves

central representation, 1151

coronary vessels, 1
1 35

hypothalamus and, 1 153

in skeletal muscles, 1
1 35

intestines, 1
1
36

medulla oblongata and, 1 152

mesencephalon, 1152

pathways, schematic drawing, 1151

physiologic significance, 11 54
poststimulator inhibition and, 1 136

skin and, 1 136

spinal cord and, 1 152

Sympathetic vasomotor pathways

diagram, 1 132

Synapse neurosecretoire

definition, 1039

Tactile placing reaction

cortical ablation and, 791

instinctive grasp reaction and, 791

Tegmental reaction

nucleus ruber and, 888

Teleokinetic mechanisms

definition, 890, 903

description, 922

model of, 904

statokinetic regulation, 902

Tendon organs

posture and, 1069, 1070

Temporal pole cortex: see Orbitoinsulo-

temporal cortex

Testes

activity after hypophysectomy, 1016

Thalainic animal

arousal in, 1288

body temperature control, 1 178

description, 789

feeding behavior, 1 202

integrated kinetic behavior and, 787

lesions simulating in man, 790

locomotion in, 1084

panting in, 1 181

rebound, 788

sex behavior, 1230

traction reaction, 789

Thalamic nuclei

see also Centrum medianum
diffuse projection movements and, 828

grasping and avoiding responses, 792

intralaminar, voluntary movements

and, 825

of extrapyramidal system, 881

projections from, 882

reticular formation and, 1283

stiiTiulation in man, 882-884

Thalamic recruiting system : see Unspecific

thalamic projection system

Thalamic reticular system: see Unspecilic

thalamocortical projection system

Thalamus

see also Unspecific thalamic projection

system

afferents to cortex and sensorimotor

integration, 814

competition between projection sys-

tems, 1 3 1

1

connections

with hippocampus, 1377

with hypothalamus, 964
cortical relations, unspecific, 1307-131

9

frontal intrinsic system and, 1 326

projection systems, interrelations, 1315

projections to cortex, 1 326

reflex pattern, areas 4 and 6 and, 896

reticular formation and, 1 283, 1 284

stria terminalis, connections with hypfi-

thalamus, 964
unspecific cortical relations, 1307-1319

Thermal receptors

see also Thermodetectors

location, 1 173

Thermodetectors

activation of, 1 177

body water movements, 1 190

generator potential, 1177, 1178

of anterior hypothalamus, 1
1 74, 1 175

projection to reticular formation, 1 188

steady potential field, 1 177, 1 178

Thermoregulatory eflfector systems

for body temperature control, 1174-

1181

Thirst

discrimination of, 1 198

hypothalamus and, 1 204

neurosecretory material and, 1048

sensation as a guide to drinking, 1 197
Thyroid

activity after hypophysectomy, 1016

Thyrotrophic hormone secretion

central ner\'Ous system effects, 1 008

control of, 1020, 1023

external environment and, 1008

hypothalamic lesions and, 1023

hypothalamic stimulation and, 1025

pituitary stalk section, 1020, 1021

transplantation, 1020, 1021

Thyroxin

body temperature control and, 1 189

eff^ect on thyrotrophic hormone secre-

tion, 1021

Tonic labyrinthine reflexes

decerebrate rigidity and, 786

Tonic neck reflexes

see also Postural reflexes; Righting re-

flexes; Labyrinthine reflexes

decerebrate rigidity and, 786

eye movements and, 1097

pyramidotomy and, 839
Traction reaction

description, 790
Traction response: see Grasp reflex;

Instinctive grasp reaction; Instinc-

tive tactile grasping reaction

Transcortical reflex

critique, 1332

Transcortical release

definition, 792

Transmitter substances

autonomic nervous system and, 979
cardiac vagus and, 1 138

increased sensitivity to, 993
\asomotor nerves and, 1

1 33, 1
1
36, 1

1
38

Tremor

see also Parkinsonism

cerebral-cerebellar interrelations and,

816

description, 907, 1266

extrapyramidal motor system and,

1298

pyramidal tract and, 1 298

reticular formation and, 1 298

Trigeminal nerve

respiratory protective reflexes, 1 1 25

Tuber cinereum

neurosection in, 1056

Uncus

stimulation of, 1391

Unspecific thalamic projection system,

i307-'3i9

see also Thalamus

caudate nucleus and, 1313
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diagram, 131

4

function, 1319

interrelation with specific, 1 315-1 31

7

nucleus reticularis and, 1313

recruiting response, 1308-1310

relation to midbrain reticular forma-

tion, 1 31 7-1 319

stimulation, cortical response, 1308

thalamic distribution of, 1 310-1 31

5

Urinary bladder : see Bladder

Uterus

amygdaloid stimulation and, 1405

Vagus

cardiac effercnts in, 1 138

cortical representation. 1 355, 1 360

pre- and postganglionic elements, 982

reflex center in medulla. 1 1 22

respiratory regulation, 1118, 1 120, 1 123

Vasoconstrictor nerves

central representation of, 1 138-1 151

Vasomotor mechanisms

see also Cardiovascular control

constrictor response, stimulus rate and,

I '34

constrictor tone in various vascular

beds, 1
1 35

neurons, location, 1 147

reflex arcs in spinal animal, 954
responses to cortical motor stimulation,

B06

reticular formation and, 1 299
vasodilator center, critique of, 1 155

Venous system

nervous control of, 1
1
58

pulse, impulse frequency of afferent

fibers and, 1 144
Ventral spinocerebellar tract

sensory input and, 1 252

Ventromedial nucleus: see Hypothalamus

Vermes

neurosecretory activity, 1 059
Vertebrates

neurosecretion in, 1040- 1057

Vestibular mechanism

destruction of, 1 1 04
eye movements and, 1097

input, motor integration and, 824

reflex, eye movements and, 1095- 1097

vision, 1 105

Vestibular nuclei

projections from cerebellum, 1257

Vestibular nystagmus : see Nystagmus

Visceral brain

critique of term, 1368

Visceromotor responses

cortical stimulation and, 1355

Viscerosomatic reflexes

evoked by splanchnic nerve stimulation,

955

in decerebrate animal, 955

in spinal animals, 954

Vision

contribution to motor integration, 823

vestibular mechanisms and, 1 105

Visual axis

awareness of, 1 1 06

Visual cortex

localization of visual field, 1 100

motor integration, 812

Vocalization

cortex and, 1357

Vomiting

central control of, 1 167

Vomiting reflex

mediation, 960

Wakefulness

see also Arousal; Attention behavior;

Instinctive behavior

prolonged, i 288

reticular formation and, 1287

Wakefulness and sleep, 971, 1287, 1288

Wallerian degeneration

preganglionic fibers, 995

Water deprivation

supraoptic nucleus, paraventricular

nucleus and, 1049

Water intake

see also Thirst

regulation of, 1200

Weight discrimination

loss, 816

sensorimotor integration, 814

Wilson's disease

lesions in, 875
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