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PREFACE

The study of the salivary glands and their secretions enjoyed

greater popularity in the past than it does at the present time.

Indeed, however great the importance of saliva in the mastication

of food and maintenance of our health, the evidence for any unique

and essential role of these secretions in the body economy is not

great. In most courses of physiology, not even a single lecture is

devoted to saliva secretion. On the other hand, the salivary glands

are wonderful pieces of physiological machinery which provide

unexcelled preparations for the study of autonomic innervation,

the action of drugs, changes in blood flow and metabolism during

activity, as well as the processes involved in the transport of water

and electrolytes. A glance at the table of chapter headings will

show that these aspects of the glands have received a great deal of

space in this book, in direct relationship to the personal interest of

the authors in these matters. Nevertheless, most aspects of salivary

physiology have been covered, although not always exhaustively.

For instance, it was not considered desirable to refer to all of the

vast literature on the composition of the saliva ; rather, selections

have been made from the papers illustrative of the principles

governing saliva composition with neglect of those offering only

isolated and unrelated observations. Similarly, in the chapter on

comparative physiology, material is cited for the light it throws on

the modification of salivary function in different branches of the

animal kingdom, but the chapter is in no way encyclopaedic.

We hope that we have laid at least as much emphasis on the

present state of ignorance of many aspects of salivary physiology

as upon the facts that are solidly established. The interested reader

should find many problems that are waiting to be worked upon.

We hope that the critical approach to some of these problems may

be of special value to workers in the field of dental research.

The writing of this book was helped by the circumstance that

enabled one of us (N. G. E.) to spend several months in Montreal

as a visiting professor at McGill University in the fall of 1958. We

have also been aided in great measure by the library staffs «
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the McGill Medical Library and University of Lund Medical

Library, as well as by our secretaries, Miss Ann Waters, Mrs. Elsa

Kaunat and Miss Ursula Delfs.

We are grateful to the Acta Physiologica Scandinavica, Alcan et

Cie, American Journal of Physiology , Archives of Neurology and

Psychiatry, British Journal of Pharmacology and Chemotherapeutics,

British Medical Bulletin, Canadian Journal of Biochemistry and

Physiology, Helvetica Medica Acta, Journal of Biophysical and Bio-

chemical Cytology, Journal of Cellular and Comparative Physiology,

Journal of Histochemistry, Journal of Neurophysiology, Journal of

Physiology, Quarterly Journal of Experimental Physiology, Revue

Canadienne de Biologie, and Springer-Verlag and the authors of the

articles, for permission to reproduce illustrations which originally

appeared in these Journals. One of us (A. S. V. B.) wishes to

express his gratitude to the Associate Committees on Dental and

Medical Research of the National Research Council of Canada for

generous grants in support of his work in salivary secretion over

the past six years.

Chapters I, II, VIII, IX, X, XI and XIV were written by

A. S. V. B., and Chapters III, IV, V, VI, VII, XII and XIII by

N. G. E.
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CHAPTER I

HISTORICAL INTRODUCTION

Understanding of the function of the salivary glands has come
about slowly. Of course the lubricating and cleansing actions of

saliva were known since earliest times, and some details of the

anatomy of the glands were known. For instance, Galen in De usu

partium had indicated the positions of the major salivary glands

and had even described the opening of the submaxillary duct in the

mouth. With the revival of learning detailed anatomical descrip-

tions of the glands appeared, beginning with the publication of

Vesalius' de Humani corporis fabrica in 1543 ; other anatomists (e.g.

Steno, Wharton, Rivinus, Nuck) expanded these observations, and

established the existence of ducts conveying a secretion to the

mouth. These anatomists were passionate disputants, greatly con-

cerned about priority of discovery; to them the function of the

structures they discovered was a subject for speculation, but not

for experiment. The exception was Regner de Graaf, who pub-

lished in 1677 his brilliant study of the pancreatic secretion, de

Graaf prepared dogs with chronic fistulae of both the pancreatic

and submaxillary ducts (Fig. 1.1). In addition to observations on

pancreatic juice, he must have made many on submaxillary secre-

tion, but unfortunately these were never published and we have to

be content with less than a page in which he records that salivary

flow increased during mastication and swallowing as well as in

response to the smell and taste of food. He emphasized the role of

saliva in facilitating the swallowing of food. It is curious that such

a valuable experimental method as the production of fistulae

should have fallen into oblivion and not have been used again until

it was revived by Bernard (1856) and Heidenhain (1868) and later

developed extensively by Pavlov (1897).

During the eighteenth century considerable progress was made

in the study of gastric digestion, notably by Spallanzani (1784),

who made ingenious experiments on intragastric digestion in many

species. He apparently did not consider saliva as contributing to

digestion. Bordeu (1 751) in a speculative account of the physiology

of the glands, recognized the main circumstances under which

P.S.G.—
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2 Historical Introduction

saliva secretion occurs (during speech, mastication, the sight and

smell of food and in disease) and hinted at a reflex secretion due to

irritation of the nerves in the mouth by food. He also noted that the

saliva could be observed to emerge from the opening of the parotid

duct in little spurts. Haller (1744), who attempted the classification

of glandular secretions in his Physiology, suggested that secretion

Fig. i.i (a), de Graaf's preparation of dogs with pancreatic and salivary

fistulae.

(Regner de Graaf, De succo pancreatico, 1677.)

was due to ultrafiltration from the acini (discovered by Malpighi

1683) which he believed to be collections of blood vessels. He sug-

gested that an increase in the rate of secretion in a gland was due

to increased blood flow and hence an increase in ultrafiltration.

These views were speculative and the development of a more
critical scientific attitude in the early nineteenth century is due

largely to the influence of Johannes Muller. Muller wrote a great

textbook of physiology which rapidly became the standard work
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throughout Europe
; in it he collected together the ideas of the time

and examined them critically and sceptically. This scepticism

threw doubt on the experimental basis of the current ideas in

physiology and suggested new experimental and theoretical ap-
proaches. The modern reader of this remarkable book is struck by

Tub. II

*



4 Historical Introduction

fairly convincing evidence of this in the case of the vagus and the

stomach. Indeed the idea of nervous control of secretion rapidly

became accepted and we can only be surprised that it was not until

1 85 1 that Ludwig proved experimentally the existence of nervous

control of salivary secretion.

In this same period the science of biochemistry was arising.

Tiedemann and Gmelin's book entitled Physiological and chemical

experiments in digestion (1826) was one of the pioneers of biochem-

istrv. Thanks to Berzelius methods of analysis had been greatly

improved, and Tiedemann and Gmelin were to advance these

methods further and apply them with remarkable skill and vision

to the analysis of saliva and the other digestive juices. They had the

perspicacity to realize that results obtained on the saliva obtained

from the parotid duct in the dog might be superior for analytical

purposes to the more heterogeneous mouth (mixed) saliva. It is

regrettable that many contemporary workers have still to learn this

lesson. Amongst many observations they proved that the red colour

given by human saliva with ferric chloride (noted by Treviranus)

was due to the presence of thiocyanic acid which had recently been

discovered by Porett. They isolated the thiocyanic acid by extrac-

tion of thiocyanates from dried saliva with alcohol and distillation

of the free acid whose constitution was established by oxidation to

sulphate identified by precipitation as barium sulphate. They also

showed that the major cation of saliva was potassium (identified as

potassium sulphate and potassium chlorplatinate), that saliva was

alkaline, and that there were traces of a phosphorus containing fat

in it. They made a thorough study of the proteins of saliva, and

showed that acetic acid precipitated mucin from saliva as a soft

transparent mass. They also found that after crushed oats had

been mixed with sheep saliva and left for a while they would no

longer give a blue colour with iodine. This appears to be the first

description of salivary amylase.

The new methods of analysis developed by Tiedemann and

Gmelin were soon applied by Mitscherlich (1832) to the study of a

case of parotid fistula in man. In a delightful paper Mitscherlich

described the development of the parotid fistula and the circum-

stances under which the secretory rate changed, these included the

effects of diet, mastication and sleep. He also compared the fistula

saliva with mouth saliva. Mitscherlich was very impressed with the

rapidity with which the saliva flow rate changed with such stimu-
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lation as food in the mouth, and suggested that a nervous pathway
was involved; Midler's influence is apparent in this attitude. It was
reading Mitscherlich's paper that led Ludwig (185 1) to test experi-

mentally whether there was a secretomotor innervation of the

salivary glands. Ludwig investigated the anatomy of the nerves

going to the salivary gland and showed conclusively that the chorda

tympani was secretomotor to the submaxillary gland. He also

showed that in many cases the gland could secrete against a pres-

sure greater than the arterial pressure and indeed that secretion

could continue even when the circulation to the gland was arrested,

thus disproving Haller's ultrafiltration theory. Ludwig's approach

to physiological problems had a sophistication that set him apart

from his contemporaries and he was the first man to attempt to

apply exact measurement and physical rigour to physiological

problems. Ludwig's genius soon became absorbed in other

branches of physiology, but the torch was taken up by Claude

Bernard, probably the greatest physiologist of the nineteenth

century.

Bernard became interested in salivary secretion early in his

career and sustained this interest until nearly the end. In the lec-

tures given at the College de France in 1856 (Bernard, 1856) he

collected together a wonderful amount of precise, careful observa-

tion and experimentation on the salivary glands. This included a

detailed study of the chemistry of the saliva from the different

glands collected under a great variety of circumstances, as well as

studies on salivary proteins using the novel methods of salting out

with sodium sulphate and magnesium sulphate; he also investi-

gated the distribution of amylase in different species. In a study of

the total saliva secreted by the minor as well as the major salivary

glands, he revived and improved the methods of production of

salivary fistulae and introduced the important technique of sham

feeding, using an oesophageal fistula.

It was an investigation of the thirst that develops with salivary

fistulae that led him not only to a clear appreciation of the moisten-

ing and lubricating function of the saliva, but also to the realiza-

tion that the sensation of thirst was not a peripheral one due to

deficient moistening of the mouth but rather to the effects of

systemic dehydration. He describes how he arrived at this con-

clusion thus: "It is not necessary to believe that the excessive

thirst after a parotid fistula is due to a great dryness of the pharynx
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giving rise to this sensation. This sensation is rather the expression

of a general need created by the diminution of the total body fluid.

If one divides the oesophagus in the lower part of the neck in a

horse with bilateral parotid fistulae and then gives him water to

drink, with each swallow water is squirted out and is not absorbed

by the intestine. Under these circumstances the animal's thirst is

Fig. 1.2. Claude Bernard in about i860.

(L'CEuvre de Claude Bernard, Bailliere, 1881.)

not satisfied although the throat is kept moist and the animal con-

tinues to drink until exhausted . . . but if water is retained and

absorbed in the stomach and intestine, thirst is soon satisfied just

as it is by direct injection of water into the veins."

Bernard investigated the nervous mechanisms of saliva secre-

tion, and showed that reflex secretion was produced by stimulation

of the central end of the lingual, facial and vagus nerves. He also

found that the secretion produced by application of sapid sub-
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stances to the tongue was abolished by section of the lingual nerve.
He discovered the very striking increase in gland blood flow that

accompanies secretion and noted the increased redness in the ven-
ous blood (1858). Another subject of contemporary interest was a
study on gland permeability to iodide, cyanide, dextrose, ferric

iron and ferricyanide.

We have cited here only a tithe of the more important observa-

tions made by Bernard; his papers and, in particular, the 1856 lec-

tures referred to above, should be read by all students of salivary

secretion. They are a rich lode of information, much of it for-

gotten, and the experiments are models of how to conduct physio-

logical investigations and, above all, are presented with charm and
with style.

In the latter half of the nineteenth century, salivary secretion

was a popular field of investigation especially in Germany and a

great deal of detailed and precise observation accumulated, the

extent of which can be seen in the masterly review by Heidenhain

in Hermann's Handbook of physiology (1883). Heidenhain himself

contributed greatly to this advance with studies on the cytological

changes in secretion, which have only been extended in recent

years by the use of the electron microscope. Heidenhain's school

also did much to develop physiological surgery. Pavlov carried this

technique to its extreme, studying the effects of the nervous system

on digestive canal secretion with great skill and insight. During the

course of these studies the conditioned reflex was discovered and

became the absorbing interest of Pavlov's life. One of Pavlov's

pupils, Babkin, became a lifelong student of salivary secretion and

through his two books and his students, has had great influence on

research on the salivary glands.

In the modern period, the rationalization of the anatomy and

physiology of the autonomic nervous system brought about by

Langley's systematic study of the location of autonomic synapses

provided the basis on which Loewi and Dale developed the theory

of chemical synaptic transmission, which has had important con-

sequences in the understanding of salivary secretion. Langley's

account of the salivary glands in Schaefer's textbook (1898) remains

a model and a challenge to his successors.
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CHAPTER II

THE ANATOMY OF THE SALIVARY GLANDS

The gross anatomy of the salivary glands and their nerve supply

is adequately described in the standard textbooks of anatomy, and
the experimental preparation of the submaxillary and sublingual

glands in Liddell and Sherrington (1923). The only description of

the approach to the parotid innervation is that given by Heiden-

hain (1883). In the dog the postganglionic nerve (auriculo-tem-

poral) can be reached more satisfactorily along the inner side of the

ramus of the mandible after retraction of the mylohyoid and the

tongue and division of both pterygoid muscles (Burgen, 1955).

Histologically the salivary glands are composed of acini, a tubule

system and excretory ducts. Between the acini and the main excre-

tory ducts there are usually at least two kinds of epithelium lining

the ducts. In rodents the ducts are a more prominent feature of the

gland histology than are the acini. If custom had not hallowed the

use of the term duct for these intermediate structures in the gland,

tubule would be more descriptive, for these structures are probably

at least as important in the secretory process as the acini and indeed

seem analogous to the convoluted tubule in the kidney. The simi-

larity in histology between the striated ducts of the salivary gland

and the tubules in the aglomerular kidney of Lophius (Smith,

195 1
) is very striking indeed. Further it may well be that the

somewhat derogatory term "duct" which has been responsible for

the neglect from which the collecting ducts (of Bellini) have only

recently been rescued, has also been responsible for a general

underestimation of the functional importance of the salivary ducts.

The literature on the histology of the salivary glands is very

voluminous and citations of original papers would be inappropriate

to our purpose in this chapter, which is to provide a morphological

basis on which a discussion of the physiology of the salivary glands

can rest. The following account is taken from the reviews of

Merkel (1883), Zimmerman (1927), Stormont (1932), Rawlinson

(1933, 1934, 1935) and Leeson (1959).

In general the salivary glands are organized on a lobular-race-

mose plan with the lobules being practically independent units.

9



io The Anatomy of the Salivary Glands

The sublingual gland in the cat is more tubular (Lundberg, 1957)

in arrangement; this offers several advantages from the point of

view of experimental study.

The acinar cells are large polygonal cells arranged in the form

of an alveolus, which appear tightly packed after the usual fixation

procedures, intercellular spaces cannot usually be seen, nor is any

lumen prominent in fixed material. The cells may take on a bluish

stain with haematoxylin-eosin which may be interpreted as show-

ing the presence of mucin or a pinker colour interpreted as serous

(albuminous) or non-mucous. Stormont and others have pointed

out the fallacies and difficulties of mucin staining particularly in

cells apparently intermediate in type. All that can be said with con-

fidence is that the presence of basophilic cells in a gland usually

correlates with the presence of a viscous saliva (not necessarily very

rich in mucoproteins).

In many glands occasional cells of a different type are seen

within an alveolus, and in those glands with a consistently mixed

cellular character the acidophil cells are arranged as demilunes.

Recent histological interpretations agree in considering a demilune

as an evagination of a group of serous cells from the main alveolus.

Granulation is not always easily seen in these acinar cells. In

general, the tendentious subdivision of the acinar cells into his-

tological types previously considered of importance has not proven

of value in understanding gland functions.

The acini lead into intercalated ducts formed of small cuboidal

cells almost filled by a large nucleus. The scanty cytoplasm shows

no striation nor as a rule any granules (Fig. 2.1). The intercalated

ducts are often short and inconspicuous in histological sections,

they empty into intralobular ducts which are usually known as

" striated " ducts and are composed of dense-looking cells with a

markedly striated appearance in their basal one-third and a cen-

trally placed nucleus. Occasionally unusual slender cells ("com-

pressed cells") may be seen and also basal cells. The basement

membrane is often rather prominent. There is a sharp transition

into the excretory ducts which are lined by a two-layered epithe-

lium composed of a columnar superficial layer and a flattened deep

layer. This structural arrangement is continued in the main ducts

to near their termination where an abrupt change to a multi-

layered stratified squamous epithelium occurs (Fig. 2.3^). These

main ducts are very richly vascularized, and Pischinger (1924) has
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pointed out that the cells in the main ducts have granules which
may be extruded into the lumen. In adult rodents the proximal
part of the intralobular duct is greatly developed and specialized

0^S
b if- . / . i|
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Fig. 2.1. Schematic representation of the human salivary gland.

B, serous acinus, note the round nucleus and the granules in the apical cytoplasm; C, mucous
acinus, the nucleus is flattened and stretched along the base of the cell whose cytoplasm is glassy
in appearance; D, I, intercalary ducts, the cells are small and almost filled by a round nucleus;
A, E, intralobular (striated) duct, the cells are higher than those of the intercalary ducts and show
basal striations; M, myoepithelial cells: K, canaliculus between acinar cells (Zimmermann,
IQ27)-

and may be convoluted. This segment is known as the granular

tubule and is composed of cells that are large and very heavily

granulated (Fig. 2.2).

In some glands basal or myoepithelial cells are found in the basal

layer of alveoli and ducts. They are band-shaped flattened cells or

star-shaped with long processes (Fig. 2.36). They may be seen

very clearly when stained by Gomori's alkaline phosphatase pro-

cedure (Leeson, 1956). The evidence that they are contractile in

function is largely presumptive. However, in the mammary gland

where myoepithelial cells are well developed their relationship to

''let down", that is, the expulsion of preformed secretion, is well

established (Linzell, 1959).

In different glands the extent of the development of cell types



12 The Anatomy of the Salivary Glands

intercalated duct

convoluted granular
tubule

acinus

intralobular duct

Fig. 2.2. Adult submaxillary gland of the rat.

Between the well-developed intercalated duct and the intralobular duct, the granular tubule is

interposed (Leeson, 1950).

in the intercalary and intralobular ducts differs considerably (Fig.

2.4). It is natural that many authors from Merkel onward should
have attempted to correlate the histological pattern with the com-
position of the saliva secreted by the gland (Babkin, 1944; Thay-
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(«)

(*)

Fig. 2.3. (a) Termination of the main excretory duct of the human sublingual
gland showing the transition from two-layered to multi-layered
epithelium.

(b) Branched basket cells from human submaxillary gland.

(Zimmermann, 1927.)

sen
>

J 955; Bro-Rasmussen, Killman and Thaysen, 1956). This
approach has met with only limited success for a number of
reasons, the first of which is that the physiological information has
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been too scanty for an adequate test of the hypothesis. Secondly,

the hypotheses applied have been too simple and limited in scope.

As the salivary glands produce a secretion of very complicated

composition, it is not at all likely that a simple hypothesis involving

secretion or reabsorption of a single ion will account for this secre-

tion (see Chapter X). It may be that more sophisticated arguments

with statistical evaluation of the cell population may be more

Fig. 2.4. Distribution of different duct epithelia in human salivary and
pancreatic glands.

Intercalary ducts, black: striated ducts, stippled: excretory ducts, light grey.
A, sublingual; B, submaxillary; C, parotid; D, pancreatic (Bouin, P. (1932), Elements d'His-

tologic, Alcan, Paris).

illuminating, but in the kidney, for instance, a study of the com-

plex histology has proven to be no help in aiding the understanding

of physiological events. Caution must also be used in interpreting

cytological changes in gland cells as evidence of a particular secre-

tory activity. Degranulation after stimulation does correlate quite

well with a decline in protein output (p. 182), but we may not

assume that this correlates in any way with the secretion of water

or electrolytes, since there is no evidence at the present time of

cytological correlation of these secretions. Indeed in the pancreas

a dualism between the effects of secretin on water and electrolyte
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secretion and pancreozymin on zymogen release is widely accepted

;

in the salivary glands a similar dualism is operating even though
the effector agent may be common to the two processes.

BLOOD SUPPLY

The vascular architecture of the salivary glands presents many
unusual features whose physiological significance is enigmatic, but

may provide clues to the equally strange behaviour of the gland

blood flow during activity (see Chapter VII).

The main arteries to the submaxillary and sublingual glands

enter at the hilus although additional minor arteries may enter on

Throttle vein -

(relaxed) draini

from the venous
plexus of a duct

Hilum a-v anastomosis

Excretory duct

Fig. 2.5. General arrangement of vessels in the submaxillary gland, based on
injection preparations of the human and guinea-pig glands.

Note the throttle vein leaving the venous plexus around the duct and entering the ring vein.

Note also the arteriovenous anastomoses in the hilus and in the lobules (Spanner, 1937).

the gland convexity. In the case of the parotid the "hilus" is not

such a well-defined entity nor is the position of entry of the arteries.

In all the glands the main vessels travel in company with the inter-

lobular ducts into the lobules. The vascular territories of the

lobules are quite distinct (Fig. 2.5). Within the lobules the arteries

continue to travel with the ducts and break up into a very rich

capillary plexus around the ducts (Fig. 2.6) (Kowalevsky, 1885;
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Flint, 1902; Spanner, 1937). Near the termination of the intra-

lobular ducts ring-shaped arterial arcades are formed from which

branches come off to supply the alveoli (Fig. 2.5). Embryologically

Fig. 2.6. Double injection preparation of the vascular plexus around a duct

of the guinea-pig submaxillary gland.

Arteries, black; veins, dotted; capillaries, hatched. Note the richness of the vascularisation

of the duct (Spanner, 1937).

the ducts and their vessels develop before the alveoli and the ves-

sels of the alveoli. The capillary plexus around the acini is not very

dense compared with the rich vascularization of the ducts. The
formation of veins within the lobules follows the same general pat-

tern as that of the small arteries but the larger veins tend to drain
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to the periphery of the gland. There are, however, ' Venae comites"
running back along the ducts. In injected preparations Spanner

(1937) was impressed by the prominence of arteriovenous anas-

tomoses throughout the lobule (Figs. 2.5 and 2.6). They are most

Fig. 2.7. (a) Epithelioid cells in the wall of a small arteriole in the

human parotid gland.

(Spanner, 1942.)

prominent in the region of the ring vessels and are not very

frequent in the duct wall. Some of these anastomoses are of con-

siderable size. In many of the small arteries of the gland an extra-

ordinary appearance of large epithelioid cells is seen in the wall of

the vessels (Spanner, 1942, Fig. 2.7). These arteries are found most

P.S.G.—

C
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numerously in the region around the ducts and may be highly

developed. Spanner has also found these structures in the pancreas.

The appearances are reminiscent of the juxta-glomerular vessels in

the kidney. A further unusual vascular feature of the gland is the

Terminal portion

Muscle fibre

Fig. 2.7. (b) Epithelioid cells in the wall of a small arteriole in the
human parotid gland.

(Spanner, 1942.)

presence of large sacculated veins (Spanner's Drosselvene or

throttle veins) which occur especially in the hilar region (Fig. 2.5).

These veins often appear as a saccular pocket developed in the side

of a small vein. Similar veins are found in a number of organs

including the penis (Clara, 1939). Spanner suggests that these veins

serve a reservoir function and also serve to back up pressure in the
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capillary circulation during activity. Such studies as have been
made of the living circulation in the glands do not greatly clarify

the issues. Holtzlohner and Niessing (1936a and b) saw a rather

sluggish circulation in capillaries around the acini in the resting

gland that was greatly slowed or arrested during activity, despite

the increased total blood flow through the gland. Briicke and
Zwiauer (1938), on the other hand, saw a consistent increase in

flow in the acinar capillaries during activity and claimed that a

decreased flow was seen only if the digastric muscle was contracted

and obstructed secretory outflow. Burgen and Seeman (1958), on
the basis of tracer experiments, came to the conclusion that most
of the blood perfusing the gland went to capillaries in the duct

system and that the flow in these was mainly countercurrent to the

flow of saliva. They also give reasons for supposing that there might

be serial perfusing of the ducts and acini. These observations are

consistent with Kowalevsky's preparations but are not supported

by Spanner. It is difficult to see how an active secretion of water

by the acini (if this occurs, see p. 195) could be supported in the

face of the arrested circulation found by Holtzlohner and Niessing

(1936^ and b).

Further, the observations of Burgen and Seeman do not allow

for a very extensive circulation through arteriovenous anastomoses,

since this blood would not be available for exchange of solute with

the gland parenchyma. It is hard to see how such a circulation can

serve a physiological function unless the arteriovenous systems are

in line with endocrine cells within the gland. It is possible that the

epithelioid cells found by Spanner (1942) are of this type. In any

case all observations agree in emphasizing the richness of the

vascularization of the duct system both anatomically and function-

ally.

LYMPHATICS

Little is known of the lymphatics of the salivary glands. Klein

(1882) found richly intercommunicating lymphatic channels

mainly running along the ducts and surrounding the blood vessels.

Extensive lymph spaces are found around the alveoli with inter-

connections to adjoining lymph spaces. In the central part of the

gland drainage seems to run into the ducts, in the more peripheral

part to lymph vessels at the margin of the Lobules.
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THE ULTRASTRUCTURE OF THE SALIVARY GLANDS

The introduction of the electron microscope has already revolu-

tionized our ideas of the structure of cells and has placed an

entirely new set of facts at our disposal which must be made to

harmonize with the physiology of the secretory process. Up till the

present few satisfactory studies of the salivary glands have

appeared, but a great deal of detailed study has been made of the

pancreas. In all essential details the ultrastructure of the salivary

cells of the rat appear to resemble the pancreatic cells. The differ-

ences are merely of degree. We will therefore draw heavily on the

description of the pancreatic cell, adding such details as are

known of the salivary glands.

The plasma membranes of both apical and basal faces of secret-

ing cells have a three-layered structure with a total thickness of

60-70 A (Sjostrand, 1956; Robertson, 1959). In material fixed in

Os0 4 this appears as two dark bands separated by a light band

about 25-30A wide. It is still uncertain which structures are stained

by Os0 4 , but the consensus of opinion is that this reagent has a

strong affinity for spread protein layers and a rather poor affinity

for lipids. The three layers may therefore be considered as a lipoid

layer sandwiched between spread protein layers. This morpho-
logical interpretation agrees well with the physiological concept of

a cell membrane built up from studies on cell permeability, and the

physicochemical and electrical properties of the cell membrane (see

Danielli and Davson, 1943). At the areas of contact between adja-

cent cells the membranes are distinct and may follow a relatively

straight path as in the pancreas (Sjostrand and Hanzon, 19540) or

be tortuous and interlocking as in the rat submaxillary acini (Lee-

son and Jacoby, 1959). In the striated ducts of the rat submaxillary

an intermediate picture is seen, the adjacent membranes interlock

in the basal one-third of the cells and then run straight towards the

apical poles.

At both free surfaces of the cell foldings of the cell membrane
occur. At the apical surface these are mainly seen as microvilli pro-

truding into the lumen of the acinus (Sjostrand and Hanzon,
1954a; Pease, 1956; Siekevitz and Palade, 1958; Leeson and

Jacoby, 19596). These microvilli are found in all stages of develop-

ment between simple protrusions of the plasma membrane and the

pinching off of droplets of "secretion" (Fig. 2.8).



Fig. 2.8. Small pancreatic duct lumen.

Five epithelial cells surround the duct lumen which contains light and dense material (/, dz).

The apical surfaces of the cells bear microvilli (v) which can be seen in various stages of pinching
off. Mitochondria (m), cell nucleus (n) (Siekevitz and Palade, 1956).

21
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On the basal aspect of the cells infolding of the plasma mem-
brane may be extensive and produce S-shaped patterns of parallel

layers of the membranes (Fig. 2.9). These correspond to the basal

striations seen in the light microscope. This kind of basal infolding

is only seen in cells which may be regarded as having secretory

properties, and has led to the suggestion (Pease, 1956) that this

arrangement is concerned with water transport. There seems no

reason to tie this appearance specifically to water transport, it is

Fig. 2.9. Intralobular striated duct cell from the rat submaxillary gland.

Note basal parallel rows of mitochondria with infolding of the basal cell membrane between
them (Leeson, 1959).

probable that the infolding provides a greatly augmented surface

area for transport of many substances. If this is the correct explana-

tion it is very interesting that it should involve the basal surface of

the cell—implying that transport into the cell is in greater need of

assistance than is expulsion from the cell into the secretion (cp.

secretion of iodide, p. 155). According to Leeson and Jacoby

(
I 959^) tne striated duct cells in the rat submaxillary gland show

very marked basal infolding, the granular tubules show much less,

while Pease (1956) shows pronounced basal infolding in acinar

cells in the same gland, but in a later paper found basal infolding
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to be marked only in the duct cells (Scott and Pease, 1957). Pease
emphasizes that mitochondria are normally very prominent in

these cells (v. infra) whereas others rind relatively few mitochon-
dria in these cells. This discrepancy may perhaps be accounted for

by regional variations within the gland since Pease selected hilar

tissue for his study, or perhaps Pease incorrectly identified the cells

since duct cells predominate in the hilar region. The intercalated

ducts show relatively little basal infolding. The relationship of the

basement membrane and blood capillaries to these cells is ill-

defined. Sjostrand and Hanzon (1954a) in the pancreas illustrate

an irregular rough basement membrane lying very close to a cell of

a blood vessel. Porter (1954) shows a similar arrangement in the

rat parotid. Since the extracellular space is the immediate source

of fluid and solutes for secretion the state of this space is of great

interest and merits careful study in the electron microscope.

Within the cells a more or less extensive system of parallel

double membranes exists (Palade, 1956; Sjostrand and Hanzon,

1954a; Porter, 1956; Gautier and Diomede-Fresa, 1953; Bern-

hard, Haguenau, Gautier and Oberling, 1952; Palade and Porter,

1954) which is generally called the endoplasmic reticulum (e.r.).

These membranes have the same thickness as the plasma mem-
brane, and it is indeed not settled whether the e.r. is not also an

extension of the surface membrane (for discussion see Robertson,

1959). These membranes may show two other properties: (a) the

presence of numerous small dense particles 130-150 A diameter

adherent to the outer surface of the double membranes. These

particles are rich in RNA and correspond to the microsome frac-

tion in cell homogenates (Palade, 1955) and are now generally

referred to as Palade granules and are believed to account for the

major part of the cytoplasmic RNA (Palade and Siekevitz, 1956).

In Palade's paper these are shown to be quite profuse in the acinar

cells of the rat parotid (Fig. 2.10). (b) The double membranes of

the e.r. may become separated to form round or ovoid vesicles

known as cisternae. In pancreatic cells cisternae are well developed,

as they are also in rat submaxillary and parotid acinar cells (Gautier

and Diomede-Fresa, 1953; Bernhard, Haguenau, Gautier and

Oberling, 1952; Palade and Porter, 1954; Palade, 1955; Leeson

and Jacoby, 19596). On the other hand, in the striated duct cells

the e.r. is not extensive and both granules and cisternae are scarce

(Leeson and Jacoby, 19596; Pease, 1956).
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In the electron microscope mitochondria are found diverse in

size, but generally are sausage-shaped bodies with an outer double

membrane of the same thickness as the e.r. membranes. The inner

membrane may be thrown into complicated folds (cristae mito-

chondriales), which increase the available internal surfaces. In the

acinar cells the mitochondria are not very numerous (Leeson and

Jacoby, 19596; Hill and Bourne, 1954) (but compare Pease (1956),

who states: "The basal half or two-thirds of the serous cells is

ordinarily so jammed with mitochondria that there is hardly room
for other components"). In the striated duct cells mitochondria

are much more frequent and are characteristically found packed in

parallel rows between the areas of membrane infolding. In no cells

up till the present has continuity between mitochondria and any

other cell membranes been demonstrated, although Robertson

(1959) speculates that these occur and proposes a scheme for for-

mation of mitochondria from the plasma membrane.
Studies with isolated mitochondria have established that these

are the major site of cell respiration (for reviews and bibliography

see Lindberg and Ernster, 1954; Ernster, 1959) and contain the

whole of the cell cytochrome oxidase and the major part of the

enzymes of the citric acid cycle. Roughly speaking the density of

mitochondria in a cell corresponds to its respiratory activity.

Secretory granules appear in the resting cell as dense round

bodies 0-5-2 // diameter congregated at the cell apex (Siekevitz and

Palade, 1956). In this state it is difficult to be certain that they are

enclosed in a cytoplasmic membrane, but in the active cell the

granules can clearly be seen lying within membrane-lined cavities

within which they undergo more or less complete dissolution.

These granule-containing cisternae appear to undergo extrusion

into the acinar lumen (Fig. 2.8). Granules of this type are seen

especially in the granular tubules of the rat submaxillary, less

prominently in the acinar cells and are rare in the striated ducts

(Leeson and Jacoby, 19596). In the lamb parotid acinar cells gran-

ules appear to be scarce (Manni, Grillo and Ambrosino, 1957). A
comparison of serous and mucous acinar cells by this technique

would be of considerable interest.

Hokin (1955) isolated zymogen granules from homogenates of

dog pancreas in a sucrose medium at pH 5-6. The granules were
rich in protein but contained much less phospholipid or RNA than

other cell fractions. The granules underwent rapid dissolution
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when the pH of the medium exceeded 6-8. Hokin suggested that

dissolution of the granules occurred after ejection into the alkaline

pancreatic juice, but the observations of Siekevitz and Palade

(1958) do not support this.

The Golgi apparatus known from supravital staining in the light

microscope has turned out to have a well-defined although enig-

matic appearance in the electron microscope. It consists of one or

a series of vacuoles with concentrically arranged membranes
embedded in the perinuclear ground substance (Sjostrand and
Hanzon, 19546; Dalton and Felix, 1956; Lacy and Challice, 1957)
giving a quite characteristic appearance. The neutral red bodies

studied extensively by Hirsch (1932) and others are not in the true

Golgi apparatus, but are artefacts due to the cytotoxic action of

this substance (Weiss, 1955).

Sjostrand and Hanzon (19546) found all stages of evolution of

zymogen granules apparently occurring in relationship to the

Golgi apparatus of pancreatic acinar cells. This supports the many
observations made with the light microscope suggesting a relation-

ship between the Golgi system and secretory granules (see Jun-

queira and Hirsch, 1956). There was no apparent connection

between the Golgi system and the mitochondria, but presumably

the Golgi system is continuous with the e.r. The Golgi apparatus

in salivary cells is very similar to that found in other secreting cells

(Leeson and Jacoby, 19596). Schneider and KufT (1954) have

isolated a highly purified suspension of the Golgi system from

homogenates of epididymis and found a very high content of lipid

phosphorus (200 jug/mg N) and a high content of RNA and alka-

line phosphatase, but other enzyme activities tested were low and,

in particular, there was no detectable cytochrome oxidase or

desoxyribonuclease.

The nucleus in secreting cells does not have any specific features,

but appears as a rather uniform granular sphere surrounded by a

coarsely pored double membrane.

Scott and Pease (1957) identified nerve fibres penetrating the

basement membrane of salivary acini and ending as fine filaments

directly applied to the basal and intercellular surfaces of the acinar

cells. No nerve fibres were seen ending on duct cells.

Myoepithelial cells in the electron microscope (Fig. 2.10)

resemble quite closely smooth muscle ; this may be taken to sup-

port the theory that they are contractile in function.



26 The Anatomy of the Salivary Glands

Changes during activity. Siekevitz and Palade (1958) have re-

ported striking changes in the e.r. in pancreatic cells after feeding.

Large cisternae developed around the apical secretory granules and

small free granules appeared in the wall of the cavities (Palade,

6

i
'•

><*^

Fig. 2.10. Electron micrograph of mucous cell of the rat parotid.

Endoplasmic reticulum (er) shown as long slender profiles which are transverse sections of

flattened cisternae. Mitochondria (m), nucleus (w). A is part of a myoepithelial cell (Porter, IQS4).

19566). Gautier and Diomede-Fresa (1953) and Manni (1957) have

reported changes in the e.r., mitochondria and cell nuclei following

stimulation, but Sjostrand and Hanzon (1954^) consider these to

be artefacts due to inadequate fixation. The latter found no changes
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whatsoever in the e.r. or mitochondria of the pancreas after starva-
tion or pilocarpine administration. It should be remembered, how-
ever, that pilocarpine is not always a very effective stimulator of
acinar secretion. Daly and Mirsky (1952-3) found feeding to be a

Fig. 2.1 i. (a) Section through serous cell of rat parotid in the resting state.

The basal membrane is to the lower left. Note the numerous zymogen granules (zg) and
rather sparse er.

much more satisfactory way of depleting the mouse pancreas of

enzymes than was pilocarpine. However, Porter (1954) produced

complete degranulation of the mouse parotid with pilocarpine,

and found a considerable increase in the development of the e.r. to

result (Fig. 2.1 1).

Repeatedly the recent literature on ultrastructure of cells has
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referred back to the observations of Lewis (1931, 1937) on the

phenomenon of pinocytosis or cell drinking. This was described

in tissue cultures of macrophages and malignant cells in which

fluid from the medium was apparently engulfed by ruffle-shaped

X%?
A,

Fig. 2. i i. (6) Serous cell from rat parotid, removed 90 minutes after the

injection of pilocarpine into the animal.

Zymogen granules are not prominent, but the er is very evident (Porter, 1954)-

pseudopodia put out by the cell. Bennett (1956), in particular, has

proposed invagination of the cell membrane as a mechanism for

active transport and ion pumping into cells. It is quite possible

that such a process does occur and might explain situations where

all the constituents of a bathing fluid seem to be transferred across
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a cell proportionately, and in any case some such mechanism must
be present to allow the entry of macromolecules (e.g. antibodies)

into cells. However, a process of this kind cannot explain the

highly selective transfer of ions into and out of cells. On the other

hand, the reverse process of granule and vacuole extrusion at the

apex of the cell seems to be a quite general and fundamental

phenomenon in secreting cells.

HISTOCHEMISTRY

PAS-Schiff reaction. In all species so far examined amylase-

resistant PAS positive material is present in the acinar cells. This

is often present in higher concentration in cells classified as mucous
than serous, although for instance the "special" serous cells of the

mouse submaxillary gland are stained more strongly than the ser-

ous cells of the parotid. Staining is not prominent in the ducts but

in the apical region of the intralobular ducts small intensely stain-

ing granules are present (mouse), some of these being seen in the

cell margin and in the lumen either free or attached to the cell

membrane. The duct cells contain much glycogen (i.e. PAS
material removed by amylase) (Junqueira, Fajer, Rabinovitch and

Frankenthal, 1949; Hill and Bourne, 1954; Lewke and Miiller,

1956; Shklar, Glickman and Turesky, 1958).

Phosphatases. Alkaline phosphatase is present irregularly in the

salivary glands (Noback and Montagna, 1947; Deane, 1947; Jun-

queira et ah, 1949; Hill and Bourne, 1954). Leeson (1956) found

the alkaline phosphatase reaction of rat salivary glands (Gomori's

technique) localized almost exclusively to the myoepithelial cells,

otherwise only irregular appearance of alkaline phosphatase was

found. Acid phosphatase was found in both duct and acinar cells

in the rabbit, but was scanty in the mouse, rat and cat. In the

guinea pig parotid there was a strong concentration of the enzyme

at the apical surface of the striated duct cells.

Esterases. Cholinesterase is found mainly in the nerve fibres of

the salivary glands. These are particularly seen surrounding the

main ducts. The enzyme also appears as a fine network around the

base of the acinar cells. Small amounts were also seen in the nuclei

and cytoplasm of the duct cells. The density of stained nerve fibres

was much less in the sublingual than in the submaxillary gland

(Snell and Garrett, 1957).

Esterases detected with naphthyl acetate and naphthylAS acetate
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were invariably found in the duct cells of different glands and

species, but the acinar reaction was very variable in different glands

but nearly always much weaker than in the ducts (Burstone, 1956;

Hill and Bourne, 1954; Noback and Montagna, 1947). Lipase was

found by Martin (1953) in the interlobular ducts of the dog sub-

maxillary glands. The acini were negative as were all cells in the

parotid. The serous acini of the guinea pig submaxillary gland

were positive. Hill and Bourne (1954) did not find positive reac-

tions in the cat, guinea pig, mouse or rat.

Amino peptidase has been demonstrated in the interlobular

ducts of the human parotid and submaxillary glands (Burstone and

Folk, 1956).

Dehydrogenases. High concentrations of succinic dehydrogenase

have been found in the duct cells of the rat, guinea pig and rabbit

with much less enzyme in the acinar cells (Padykula, 1952; Stier,

1952; Neumann, 1952; Hill and Bourne, 1954). It is interesting

that Stier also found a high concentration of this enzyme in the

pancreatic ducts.

EMBRYOLOGY AND MATURATION

The salivary glands develop as groove-like outgrowths of the

oral epithelium which subsequently becomes a solid rod of epithe-

lium budding to form lobules. The rod develops a lumen and

becomes a tube as a result of degeneration of the most centrally

placed cells (Chievitz, 1885; Schulte, 1913; Borghese, 1950). The
ducts at this stage are lined by a multi-layered epithelium similar

to that found in the adult main ducts. The general form of the

glands is established at this stage although the epithelium is still

relatively undifferentiated. In man the parotid anlage appears at

8-12 mm, the submaxillary at 12-14 mm and the sublingual at

20-24 mm > tne parotid and submaxillary ducts begin to ramify

after 20 mm is reached (Bujard, 191 1). The acini are later develop-

ments which bud off the terminal tubules to give first of all simple

alveoli which then may become differentiated into serous and

mucous cells and finally to demilunes (in those glands possessing

them). In man it appears that primitive acini are already formed in

the 138 mm (4th month) foetus and presumably are mature at birth

(de Plessis, 1957); in the cat on the other hand the submaxillary

gland is incompletely differentiated at birth and reaches maturity

a few weeks after birth (Takagi, 1925). In the rat no acini are
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present at birth and full development of the gland awaits maturity

of the animal (3-6 months) (Leeson and Jacoby, 1959a; Screebny,

Meyer, Bachem and Weinman, 1955; Leeson, 1959).

This extreme case illustrates the general conclusion that acinar

cells are a late development of the gland, and at least in the rat and
probably other rodents very active saliva secretion can occur in the

absence of acini. Little use has been made of a developmental

approach to attempt to dissect the secretory function of the salivarv

gland, but it might well be a fruitful one. Leeson and Jacoby

(1959a and b) and Leeson (1959) describe the development of the

rat submaxillary gland in great detail and find that at birth the

large interlobular ducts already show basal striation (and infold-

ings), the intralobular ducts are small and merge into a rudimen-

tary intercalated duct or terminal tubule. These terminal tubules

are formed of columnar cells with basal nuclei, extensive cyto-

plasmic granulation and a well-developed endoplasmic reticulum.

Two weeks after birth crescent-shaped buds of the terminal

tubules form the primordia of the acini which begin to appear

shortly afterwards. At six weeks acini are well developed, as are

the intercalated ducts. The early development of the duct system

is accompanied by ingrowth of blood vessels (Flint, 1902-3) and

this pattern persists in the mature gland (see p. 15), the vascular

tree of the acini appearing to have grown out of that of the ducts.

In rodents the subsequent development of the gland is compli-

cated by hormonal effects. In prepubertal mice the tubules consist

of cubical cells with central nuclei and clear cytoplasm. In adult

females the cells are more columnar, some are vacuolated and

others show dark granules in the apical cytoplasm. On the other

hand, in adult males the tubules are comprised of large cells with

basal nuclei and mitochondria and the cytoplasm is packed with

granules (Lacassagne, 1940; Junqueira, Fajer, Rabinovitch and

Frankenthal, 1949). This interesting dimorphism has been the

subject of numerous investigations, which have shown an atrophy

of the tubules in castrated males (Shafer and Muhler, 1953;

Junqueira, 1949) corrected by testosterone, and a depression of the

size of the female tubules by stilboestrol. These tubules are also

affected by thyroid hormones (Grad and Leblond, 1949; Bixler,

Webster and Muhler, 1957; Raynaud, 1950) and atrophy after

hypophysectomy (Screebny, Meyer and Bachem, 1953; Lacas-

sagne and Chamorro, 1940). The atrophy after hypophysectomy is
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only partly corrected by thyroxin and testosterone. Studies on

enzyme content of the glands show that the protease and phos-

phatase content of the glands is strongly affected by the develop-

ment of the granular tubules, but amylase and arginase is little

changed (Junqueira, Fajer, Rabinovitch and Frankenthal, 1949;

Kochakian, Endahl and Hall, 1955). Little work has been done on

changes in salivary glands in senescence. Kurtz (1954) found in the

rat that the mitochondria changed from the plump forms found in

young adults to long rather irregular forms in the senile rat and he

also found irregularities in the Golgi apparatus.

Atrophy of the salivary glands occurs after duct ligation. This is

a rapid process and is complete within a week. The most marked

changes occur in the acini which decrease in size, the cells become

vacuolated and almost completely disappear. The ducts remain as

a skeleton of the gland structure and indeed undergo hyperplasia

so that a multi-layered duct epithelium becomes the rule. There is

also a proliferation of connective tissue (Junqueira and Rabino-

vitch, 1954; Dietz, 1955; Bhaskar, Borden and Weinman, 1956;

Standish and Shafer, 1957). On removal of the duct ligature the

histology and biochemistry of the gland slowly returns more or

less to normal even if the ligature had remained on the ducts for as

long as a year. Partial regeneration of the rat submaxillary gland

has been reported after subtotal resection (Milstein, 1950). The
first changes are a thickening in the duct epithelium with numer-

ous mitoses, and the formation of branch ducts; subsequently

acini bud off these new ducts.
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CHAPTER III

INNERVATION OF THE GLANDULAR
ELEMENTS

Saliva may flow from a salivary gland because the secretory cells

have an inherent ability to secrete spontaneously or because they

are stimulated to activity by extracellular agents carried to the

gland by the blood or liberated from nerve endings. Examples of

spontaneous activity and of secretion induced by hormones will be

given in later chapters. The flow controlled by nerves, which is

undoubtedly the most important, will be considered in the present

chapter.

In a discussion of the innervation of the salivary glands the

following complicating factors must be taken into account

:

i . The glands receive nerve fibres both from the parasympathetic

and the sympathetic nervous system. Both sets of nerves, electric-

ally stimulated, are able to affect the secretory process, but the

physiological significance of the double innervation of the glands

is not altogether clear.

2. There is some uncertainty as to the route by which the nerves

reach some of the glands. Evidence suggests that secretory fibres

may arrive at some glands through unknown channels. This may
invalidate inferences drawn from denervation experiments.

3. The saliva poured into the mouth results from activity in

different types of cells. It may be produced, for instance, both in

serous and mucous cells and its composition modified by the cells

of the ducts. An important problem, which has been the subject of

many investigations, is whether the single secretory cell is inner-

vated both by parasympathetic and sympathetic fibres. Little is

known about the innervation of the ducts. Histological and elec-

trical changes in their cells have been produced by stimulation of

nerves, but they may be indirect, due to activity evoked in the

secretory cells. On the other hand, the presence of true cholin-

esterase in the duct cells of the rat's submaxillary and sublingual

glands (Snell and Garrett, 1957) may suggest that these cells are

supplied with cholinergic nerve fibres.

4. The nerves control structures in the glands other than the
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secretory cells, and may thereby modify the secretion. An acceler-

ated flow of saliva may be due to contractions of myoepithelial cells.

Vascular changes, caused by impulses in vasomotor nerves, may
affect the secretion. Conversely, it is conceivable that secretory

activity may change the flow of blood through the gland. The
possibility of a complicated interaction between secretory, motor
and vasomotor processes has rendered investigations on the differ-

ent types of fibres present in the nerves difficult.

THE EFFERENT NERVE FIBRES OF THE GLANDS

Ludwig (185 1
) discovered that saliva flowed from the submaxil-

lary gland on stimulation of the chorda-lingual nerve even if the

nerve had been cut centrally to the electrode ; and although it had

been fully accepted, for more than a century, that salivary secretion

is caused by the brain acting in some way on the glands through

nerves, this experiment by Ludwig has been regarded as the first

definite proof of the existence of special secretory nerve fibres.

The discovery of vasodilator nerve fibres was made in the same
preparation (Claude Bernard, 1858). The hyperaemia in the gland,

caused by stimulation of the chorda-lingual nerve, was, indeed, so

impressive that an old hypothesis was revived according to which

the flow of saliva is due to increased filtration pressure in the gland.

It has, on the other hand, been repeatedly suggested that the

vasodilation following stimulation of the parasympathetic nerve

might result from excitation of secretory, and not vasodilator fibres,

the increased blood flow being due to agents released from the

activated secretory cells (Barcroft, 1914; Hilton and Lewis, 1955).

When the sympathetic innervation of the salivary glands is con-

sidered, similar lines of thought are encountered. On stimulation

of the cervical sympathetic trunk Ludwig (1851) observed a flow

of saliva from the submaxillary gland and Claude Bernard (1858)

an intense vasoconstriction. Later investigators have noticed periods

of vasodilation, alternating with constriction or following it when

the stimulation is discontinued. These findings have not, however,

been taken as evidence by all investigators that secretory, vaso-

constrictor and vasodilator fibres are present in the sympathetic

innervation of the gland. Most, but not all, workers seem to agree

that the vasodilation is secondary to the secretion and not due to

activation of separate vasodilator fibres. The hypothesis has been

proposed that there are no secretory fibres in the sympathetic
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trunk. The flow of saliva observed on stimulation of the trunk may
be due to excitation of motor fibres innervating contractile elements

in the gland which expel saliva already present in the ducts

(Mathews, 1898). Alternatively, a flow of saliva seen during stimu-

lation of the sympathetic nerve may be caused by sympathin

diffusing from the vasoconstrictor nerve terminals to the secretory

cells (Richins and Kuntz, 1953).

The enumeration of the different types of fibres which may
supply the salivary glands is not limited to those so far described.

Several investigators have suggested that the parasympathetic

nerve contains vasoconstrictor fibres (e.g. Frohlich and Loewi,

1906). The fact that a flow of saliva induced by parasympathetic

stimulation may be diminished by sympathetic stimulation has led

to the suggestion that the sympathetic trunk carries inhibitory

secretory fibres for the gland (Czermak, 1857). Claude Bernard

(1862) and Bradford (1888), in attempts to explain the ''paralytic

secretion" seen after section of the chorda-lingual nerve, postulated

the presence of such inhibitory fibres in the parasympathetic nerve.

Histological investigations led Kuntz and Richins (1946) to the

conclusion that the parasympathetic, and not the sympathetic,

nerve contains motor fibres for the contractile elements of the

salivary glands, the myoepithelial cells. Finally, it should be re-

called that it was as a result of investigations on the salivary glands

that Heidenhain (1878) advanced the hypothesis of trophic and

secretory fibres, further elaborated by Babkin and extensively

discussed in his monograph (1950).

An investigation by Graham and Stavraky (1953) is of particular

interest. The experiments of these authors indicate that whereas

low concentrations of acetylcholine have the well-known secretory

and vasodilator effects, higher concentrations tend to cause vaso-

constriction and reduce the flow of saliva. Acetylcholine was sup-

plied either by intra-arterial injections of small and big doses of the

drug or by stimulation of the chorda tympani ; in some experiments

eserine was given. The usual vasodilatation caused by stimulation

of the chorda tympani could for instance be replaced by constric-

tion if big doses of eserine or acetylcholine were given, and with

this the flow of saliva diminished.

To sum up

:

1. From the experiments of Graham and Stavraky it can be

inferred that nerve fibres, which ordinarily cause vasodilation or
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secretion, may under special experimental conditions act as constrictor

or inhibitory fibres.

2. Nerve fibres in contact with certain structures may under

special conditions affect other structures as well, through diffusion

of chemical mediators. Secretory nerves may thus influence the

vascular bed, and vasomotor fibres the secretory cells. It is not

unreasonable to suppose a diffusion of the chemical transmitters. A
piece of cotton-wool, soaked in a solution of acetylcholine and

placed on the surface of a salivary gland, causes a lively secretion

;

that this is not due to absorption of the drug into the general cir-

culation is shown by the fact that the other salivary glands do not

respond. Such a diffusion has in fact been assumed to take place

by Cannon and Rosenblueth (1937) when considering the possi-

bility that only certain "key cells" are supplied by nerve fibres.

It is, however, not known whether under physiological conditions

the transmitters are able to influence distant effectors.

3. Stimulation of secretory fibres may indirectly lead to vaso-

dilatation because vasodilator agents are released from the activated

secretory cells.

4. Stimulation of vasoconstrictor fibres may reduce the supply

of blood to such an extent that a secretion is diminished or stopped.

5. Stimulation of motor nerve fibres may lead to expulsion of

saliva, thereby simulating a secretory effect.

At our present state of knowledge it seems safe to state that the

parasympathetic nerves supply the salivary glands with fibres which

under ordinary conditions are secretory, and that the sympathetic

nerves carry vasoconstrictor fibres. Whether motor and secretory

sympathetic fibres exist will be discussed below, whereas problems

concerning vasomotor fibres will be dealt with in Chapter VII.

The parasympathetic secretory innervation. All the salivary glands,

both the three big pairs and the small glands in the oral mucosa,

seem to receive their main secretory innervation from the para-

sympathetic system. A single electrical shock applied to the para-

sympathetic nerve affects the secretory cells. This had already been

seen in the external electrogram of the submaxillary gland by

Bradford (1888); Rosenblueth, Forbes and Lambert (1933), using

concentric needle electrodes, made the same observation. In his

recent experiments with microelectrodes inserted from the surface

of the submaxillary gland into single cells Lundberg (1955, 1958)

has been able to show that single shock stimulation of the chorda
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increases the resting membrane potential; this occurs both in his

"type i" and "type 2" responses, which he assumes to originate

from alveolar and demilune cells, respectively. According to Gayda

(1925) it is even possible to demonstrate a secretory response to a

single shock applied to the chorda ; other investigators have found

this to be the case in some experiments only (Beznak and Farkas,

!93 6-37)-

On repetitive stimulation the rate of salivary flow increases with

the increasing rate of stimulation, as analysed by Beznak and

Farkas (1936-37). When trying to estimate the frequency needed

to obtain a maximal response different results have been obtained,

for instance 40 (Wedensky, 1892), 10-30 (Kupalov and Skipin,

1934), 36 (Rosenblueth, 1932), 30-40 (Bruner and Kozak, 1957),

3 (Beznak and Farkas, 1936-37), 9 (Wills, 1941), 10 per second

(Diamant, Enfors and Holmstedt, 1959). At least in the submaxil-

lary gland of the cat 10-20 stimuli per second give a maximal

secretory response. With this frequency, the high rate of flow can

be almost maintained, for hours ("die Geduld des Beobachters

erschopft sich fruher als die Erregbarkeit des Nerven und der

Druse", according to Heidenhain), the gland delivering an amount

of saliva as big as its own weight in a few minutes.

Lundberg's experiments indicate that the parasympathetic fibres

excite both the alveolar and the demilune cells. It is, in fact, not

possible to obtain a higher rate of salivary flow with any chemical

or nervous stimuli than that elicited by stimulation of the chorda

(Emmelin, 1955a). It seems reasonable to assume that the chorda

fibres are able to excite all the secretory elements of the sub-

maxillary gland to maximal activity. After destruction of some of

the parasympathetic fibres, stimulation of the remaining ones

causes cytological signs of secretory activity in some acini, whereas

other neighbouring acini seem to be at rest (Mansfeld, Hecht and

Kovacs, 1931; Hillarp, 1949). There is thus no spread of stimu-

lation from some nerve fibres to all the glandular elements. The
results have been taken as evidence to show that diffusion of the

chemical mediator from its site of liberation in contact with one

cell to adjacent cells does not play a major role (Hillarp, 1949).

Under certain experimental conditions such a spread may of

course take place; after the administration of a cholinesterase

inhibitor, for instance, stimulation of the chorda may even evoke

a secretion in the contralateral submaxillary gland and a fall in the
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systemic blood pressure (Babkin, Alley and Stavraky, 1932).

Physiologically, however, a salivary cell does not seem to have to

depend for its excitation on transmitter substance from para-

sympathetic fibres of neighbouring cells. On the contrary, each

cell seems to have a rich supply of parasympathetic fibres, several

parasympathetic neurones converging on to the secretory cell. This

was concluded by Lundberg (1955) from experiments of the type

shown in Fig. 3.1. The membrane potential was recorded using

Fig. 3.1. "Type 1" responses obtained with intracellular electrode from the

cat's submaxillary gland.

Showing increasing response with increasing strength of single shock stimulation to chorda.

Supramaximal stimulation in record to the right (Lundberg, 1955)-

an intracellular electrode. It was found that with increasing strength

of the single shocks, applied to the chorda, the hyperpolarization

increased. Some experiments, in which the potential grew stepwise

with increasing intensity of stimulation, allowed the conclusion

that the secretory cell is innervated by a minimum of 5-10 neur-

ones. The fibres stimulated were of course preganglionic, and

further experiments on a preparation, in which postganglionic

parasympathetic stimulation is possible, would be of great interest.

Numerous investigators have demonstrated that the transmitter

of the parasympathetic nerve fibres, which cause salivary secretion,

is acetylcholine. Acetylcholine can be extracted from the salivary

glands. After section of the chorda tympani the amount extractable

decreases, according to Chang and Gaddum (1933). Beznak (1932,

1934), however, found no such reduction in the acetylcholine con-

tent. It is interesting to observe that according to Chang and

Gaddum all the acetylcholine does not disappear even after section

and degeneration of postganglionic fibres (in the parotid gland).

This may suggest that acetylcholine has a function in the gland

apart from that as a transmitter; but it should also be kept in mind

that there is some evidence showing that cholinergic fibres reach

the parotid gland through anatomically unknown channels. Chohn-

esterase, predominantly of the specific type, is present in salivary
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glands (Macintosh, 1937; Riker and Wescoe, 1949; Koelle, 1950;

Dirnhuber and Evans, 1954; Dumont, 1955; Stromblad, 1955,

1956a, 1957a; Kahlson and Renvall, 1956). Histochemical obser-

vations show true cholinesterase to be present in a line network of

nerve fibres around the acini (Snell and Garrett, 1956, 1957). Ex-

periments by Dirnhuber and Evans (1954) suggest that the true

cholinesterase plays a more important role for the transmission

process than pseudocholinesterase. Using inhibitors acting selec-

tively on the true, or on the pseudocholinesterase, they found that

the secretory process was particularly influenced by inhibition of

the true esterase. Section of the parasympathetic fibres causes a

decrease in the esterase activity of the glands; as with acetyl-

choline, there is not a complete loss of activity, even after post-

ganglionic denervation, but a reduction by about 60 per cent

(Stromblad, 1955, 1957a).

It is well established that parasympathetic stimulation releases

acetylcholine from the submaxillary gland of cats and dogs (Babkin,

Alley and Stavraky, 1932; Babkin, Gibbs and Wolff, 1932; Beznak,

1932; Gibbs and Szeloczey, 1932; Feldberg, 1933; Henderson and

Roepke, 1933a and b). The liberation takes place even in the

presence of atropine.

The acetylcholine set free has generally been assumed to originate

from the terminals of the postganglionic neurone. In the sub-

maxillary gland, however, most of the synapses between the pre-

and postganglionic neurone are situated close to the gland or within

it, and these synapses are unavoidably included in a perfusion ex-

periment. In experiments on submaxillary glands perfused with

eserinized plasma, acetylcholine was found to appear in the venous

effluent on stimulation of the chorda (preganglionic, parasym-

pathetic fibres). Stimulation of the postganglionic neurone, and

a consequent release of acetylcholine from its endings, was then

prevented by the addition of curarine to the perfusion fluid. When
the chorda was again stimulated acetylcholine was still found in the

perfusate, but the quantity was reduced to one-quarter to one-third

of that found in the absence of curarine. It was concluded that

when the plasma contained curarine, the acetylcholine obtained on

chorda stimulation originated only from the preganglionic endings,

whereas in the absence of curarine the acetylcholine had been

liberated both from pre- and postganglionic endings (Emmelin and

Muren, 1950). Fig. 3.2 shows two experiments of this kind, one in
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a dog, the other in a cat. The figure shows in addition that some
acetylcholine appears in the effluent when the nerve is not stimu-
lated; this is the case even in the presence of the curarine. Since
this seemed to be the first demonstration of a release of acetyl-

choline in a parasympathetic ganglion, attempts were made to find

further arguments supporting the view that the preganglionic

chorda fibres are cholinergic. The nerves were found to contain

acetylcholine in fairly high concentration. Further, it is known

Acetylcholine 0-32-,

Control
sample

Stimul.
sample

Esermized
plasma

Eserme-
curare pi.

Esermized
plasma

Eserine -

curare pi.

Fig. 3.2. Output of acetylcholine from the submaxillary gland of a dog
and a cat.

The glands were perfused with heparinized plasma containing eserine io-5 and in the second
part of the experiment in addition curarine io~ 4

. Each column represents the acetylcholine con-
tent in a sample of perfusate collected during 3 minutes. Stimulation samples were collected when
the chorda had been excited during the first 2 minutes of the period with 20 supramaximal shocks
per sec. Assay of acetylcholine on blood pressure of eviscerated, eserinized cat (Emmelin and
Muren, 1950).

from cross-suture experiments that functional union can be estab-

lished between the peripheral stump of the transected chorda and

the central end of some other efferent nerve, containing cholinergic

fibres, for instance the hypoglossal nerve (see Emmelin, Muren

and Stromblad, 19570). Since it is generally assumed that cholin-

ergic fibres of one nerve can functionally replace fibres of another

nerve only if these are cholinergic too (Dale, 1934), further support

is thus given to the view that acetylcholine acts as mediator across

the parasympathetic ganglion of the submaxillary gland. A clinical

counterpart to the cross-suture experiments may also be quoted.
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In "the chorda tympani syndrome" (Young, 1956) unilateral

sweating occurs in the submental region during meals. i\fter a

previous accidental injury to the chorda, for instance during re-

moval of tuberculous cervical lymph glands, misdirected regenerat-

ing chorda fibres have innervated sweat glands and, when food is

taken, impulses meant for the salivary gland cells reach the sweat

glands instead. Since the sudomotor fibres are cholinergic (Dale

and Feldberg, 1934) the inference would again be that the pre-

ganglionic chorda fibres are cholinergic too.

The average quantity of acetylcholine liberated at the pre-

ganglionic terminals for each volley in the chorda tympani was

found to be about 20 pg in the cat's submaxillary gland, perfused

with plasma containing eserine and curarine, when the nerve was

stimulated for two minutes at a frequency of 20 per sec (Emmelin

and Muren, 1950). For comparison it may be mentioned that this

figure is almost as high as that obtained under similar experimental

conditions in the superior cervical ganglion of the cat (Emmelin

and Macintosh, 1956). When the gland was perfused without

curarine, the average output of acetylcholine per volley was about

80 pg; the contribution of the preganglionic endings would thus be

about 20, that of the postganglionic endings about 60 pg. The ratio

of preganglionic axons to ganglion cells in the chorda is not known;
it is generally supposed to be low in the parasympathetic system,

of the order of 3 to 1 or 2 to 1 so that the quantity of acetylcholine

released per shock is probably of the same order at the pre- and
postganglionic ending.

In order to be accepted as a mediator between the parasym-

pathetic fibres and the gland cells acetylcholine must of course be

able to mimic the action of nerve stimulation ; further, the quantity

of the agent set free must be big enough to excite the gland cells.

It is well known that acetylcholine evokes a secretion of saliva; and
the electrical responses to acetylcholine and to chorda stimulation

are identical, both in the external electrogram (Langenskiold, 1941)
and when intracellular recording is used (Lundberg, 1958). Com-
parisons between the composition of saliva obtained with different

stimuli is always difficult, particularly because the composition
varies with the rate of secretion ; the literature does not, however,
seem to contain any statements to the effect that there may be any
fundamental difference between saliva obtained with injected

acetylcholine and with parasympathetic stimulation.
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As to the quantitative aspect, the following may be pointed out.

In the perfusion experiments, quoted above, about 0-2 //g of acetyl-

choline was obtained from the cat's submaxillary gland during a

stimulation period of two minutes, of which two-thirds should

originate from the postganglionic endings in contact with the

secretory cells. The secretory threshold to acetylcholine injected

through the lingual artery in retrograde direction, all arterial

branches except that of the submaxillary gland having been tied,

was found to be o-i fig (Graham and Stavraky, 1953); under

similar conditions Gibbs (1935) saw an effect with as little as

o-oi fig of acetylcholine, and Beznak and Farkas (1936-37) with

o-oo 1 -o- 1 //g. When acetylcholine was injected through the sub-

maxillary duct towards the gland the threshold dose was 0-5-1 fig,

or 0-1-0-5 fig after previous section of the chorda (Emmelin, Muren
and Stromblad, 1954). Considering the unfavourable conditions of

these various experiments, which probably allowed only a small

fraction of the administered drug to reach the gland cells (for

instance, no anticholinesterase was given), it seems safe to conclude

that the amounts of the drug released on chorda stimulation are big

enough to excite the gland cells.

It is, in fact, probable that acetylcholine is liberated with a big

margin of safety, in the synapse, at the postganglionic endings, or

at both sites. This is suggested by the following observation (Em-

melin, Muren and Stromblad, 1957a). After section of the chorda,

the cut nerve fibres were allowed to regenerate, or hypoglossal

fibres were directed towards the synapses. In some cases seemingly

fairly normal conditions were restored ; stimulation of the regener-

ated fibres caused a lively secretion of saliva, the gland was not as

atrophied as a denervated gland and the supersensitivity to chemi-

cal agents, characteristic of denervation, had decreased. However,

on continued stimulation the rate of secretion tended to decline,

and hexamethonium had an abnormally high blocking effect.

The safety factor is apparently high in another step of the trans-

mission mechanism as well ; cholinesterase activity can be greatly

inhibited without seriously affecting transmission (Riker and

Wescoe, 1949; Dirnhuber and Evans, 1954; Stromblad, 1957a).

The supposition that acetylcholine normally appears in saliva

(Seeker, 1934) is apparently erroneous (Feldberg and Guimarais,

1935; Gibbs, 1935; Larson, 1935; Winterstein and Ozer, 1948).

Acetylcholine is obviously very effectively dealt with by the esterase
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of the gland when it has acted on the gland cells. In addition,

cholinesterase has been found in saliva (McCance, Brown, Comline

and Titchen, 1951). For the understanding of the mode of action

of acetylcholine on the gland cell it would be interesting to know
whether the transmitter can reach the inner membrane of the

secretory cell, and whether it has any action on it. However, neither

the fact that acetylcholine causes a secretion when injected through

the duct (Emmelin, Muren and Stromblad, 1954), nor the finding

that acetylcholine might possibly appear in saliva on stimulation

of the chorda in the presence of eserine (Feldberg and Guimarais,

1935) seems to throw any light on that problem.

In man stimulation of the chorda tympani has been found to

produce a flow of saliva from the submaxillary gland (Diamant,

Enfors and Homstedt, 1959).

The sympathetic secretory and motor innervation. The salivary

response to sympathetic stimulation is much more variable and

usually much smaller than that obtained on stimulation of the

parasympathetic. Marked differences in the effect are found be-

tween different species and also between the various glands of the

same species. General conclusions as regards the existence and

distribution of sympathetic secretory and motor fibres should

therefore be made with some caution. In the cat, for instance,

sympathetic stimulation usually causes a lively flow of saliva from

the submaxillary gland, but only a scanty flow from the parotid

gland; in some cats, however, the response of the submaxillary

gland is very small, or in exceptional cases, completely lacking. In

the dog, saliva is obtained from the submaxillary gland, but scarcely

any from the parotid gland. In rabbits, the response of the parotid

is more marked than that of the submaxillary gland (Nordenfelt

and Ohlin, 1957).

A common finding is that the flow of saliva, whether rapid or

slow, is short-lasting; it diminishes quickly and often ceases wholly

in spite of continued stimulation of the sympathetic fibres. This is

very likely one of the observations that has led to the conception

that the effect of the stimulation is to expel saliva already present

in the ducts of the gland. Mathews (1898), for instance, suggested

that the flow of saliva from the submaxillary glands of cats and

dogs evoked by stimulation of the cervical sympathetic trunk is

due solely to the activation of a contractile mechanism. For an

effect to be obtained, the ducts should consequently have to con-
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tain fluid; the arguments for a motor innervation have been of the

following type : the responses often decrease on repeated stimula-

tion of the sympathetic fibres, and can be increased by blowing

fluid backwards through the duct towards the gland or by previous

stimulation of the parasympathetic fibres. Through the last-men-

tioned observation the problem of the motor innervation has been

linked with that of "augmented salivary secretion". Experiments

by Bradford (1888) and Langley (1889) showed that the response

to sympathetic stimulation could be increased by previous excita-

tion of the parasympathetic fibres. Langley's explanation was that

the first stimulation left the gland cells in a state of heightened

excitability, which persisted for a short period. Numerous later

investigators have accepted this mechanism as responsible for the

"augmented secretion", others have emphasized the importance

of a contractile mechanism, activated by the sympathetic fibres and

usually presumed to be identical with the myoepithelial "basket

cells". Babkin (1950), who with co-workers has contributed much
to the solution of the problem of the "augmented secretion", has

given an exhaustive review of the literature. From this it is apparent

that both mechanisms may be at work. The sympathetic nerves of

the salivary glands obviously contain motor fibres acting on con-

tractile elements. These may also be activated by injected adren-

aline or histamine. Most investigators, collecting saliva from a

cannula in a salivary duct, have probably noticed that if some

saliva, secreted after sympathetic stimulation or injection of adren-

aline, is left on the tip of the cannula, it will slowly disappear,

sucked back into the gland. A reasonable explanation seems to be

that this occurs because the contracted elements slowly relax,

although it could be due to reabsorption in the ducts.

The effect of the sympathetic fibres on the contractile elements

has been well illustrated in experiments on the sheep's parotid

gland. Histological investigations have shown this gland to contain

myoepithelial cells (Silver, 1954), and stimulation experiments

have made it likely that these can be excited by sympathetic stimu-

lation or injection of oxytocin (Kay, 1954). In the experiment of

Fig- 3-3 (Coats, Denton, Goding and Wright, 1956) the effect of

sympathetic stimulation is demonstrated. The parotid gland of the

sheep is in permanent activity even if denervated, presenting an

example of spontaneous secretion. This process continuously fills

the ducts of the gland, and saliva is discharged at a constant rate,

p.s.g.—

E
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as shown by the straight line of the figure (a cumulative drop

record). Sympathetic stimulation increases the rate of flow; but

this is followed by a compensatory decrease in the rate. Experi-

ments by these authors showed that the total amount of saliva col-

lected over a 30-min period with stimulation for 20 sec of every

2 min was not bigger than that discharged during the same period

without stimulation.

Kuntz and Richins (1946) examined histologically the question

of the innervation of the myoepithelial cells of the parotid and sub-

1401

I

SO
JO

45" cervical sympathetic
stimulation commencing
at 3 min
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Time, min
Fig. 3.3. The effect of cervical sympathetic stimulation upon the basal flow of

saliva in a parotid gland of a sheep.

Parasympathetic fibres divided. The gush of saliva obtained on sympathetic stimulation is

compensated for in the subsequent pause (Coats, Denton, Goding and Wright, 1956).

maxillary glands of cats, dogs and monkeys; the different nerves of

the glands were cut and left to degenerate. From this investigation

it was concluded that the myoepithelial cells are innervated ex-

clusively through the parasympathetic nerves. The discrepancy

between these observations and those described above has not been

explained. The physiological evidence surely strongly supports the

view that there are sympathetic motor fibres which are able to

activate some kind of contractile mechanism in the salivary glands.

Such motor fibres may alone be responsible for a flow of saliva

following sympathetic stimulation in some types of glands (or an

accelerated flow, as in the sheep's parotid gland, for instance). In
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most glands, however, sympathetic stimulation has some further

effect on the gland apart from the vascular effect (discussed in

Chapter VII). Such an effect, apparently exerted on the secretory

cells, has been demonstrated in different ways.

1. In some glands, such as the parotid gland of the dog, micro-

scopical changes have been seen in the gland cells.

2. It can further be seen as an "augmented secretion" in Lang-

ley's sense, in which sympathetic stimulation has a real secretory

effect, increased because the excitability of the gland cells has been

20
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Fig. 3.4. Augmented secretion in a cat in dial anaesthesia.

Atropine had been given in a dose which abolished the secretory effect of chorda stimulation.

The sympathetic nerve was stimulated for periods of i minute at 6-minute intervals. The vertical

columns represent the submaxillary secretion in divisions of the graduated tube (i division

= 4-5 /A.). The points marked c on the lower line indicate that the chorda, which alone produced
no secretion, was stimulated for the 60 seconds just preceding the sympathetic stimulation

(Macintosh and Rawlinson, 1035)-

raised, for instance by a previous stimulation of the parasym-

pathetic fibres. The existence of such a "true augmented secretion"

(Babkin) was well demonstrated in the following way (Macintosh

and Rawlinson, 1935), illustrated in Fig. 3.4. A small dose of

atropine had been given, just big enough to abolish the secretory

effect of the chorda tympani on the submaxillary gland of the cat.

Stimulation of the chorda was nevertheless found to increase the

secretory effect of subsequent stimulation of the sympathetic fibres.

The effect of the chorda stimulation could obviously not be to fill

the ducts with saliva for a contractile mechanism activated by sym-

pathetic stimulation to exert an expulsive action on; the augmented

effect was not due to vasodilatation in the gland caused by the
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chorda even in the presence of atropine, for it persisted when the

dilatation had passed off. The reasonable explanation was that the

parasympathetic transmitter, although unable to cause a secretion,

had increased, for some time, the excitability of the gland cells. It

has, in fact, been shown that acetylcholine in such quantities as can

be liberated from the chorda endings raises the excitability of the

submaxillary cells (Beznak and Farkas, 1936-37).

Making use of the "true augmented secretion" it may be possible

to demonstrate a secretory effect of the sympathetic fibres even in

0-030-
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taneously. Stimulation of the chorda accelerates the flow. Stimu-

lation of the sympathetic, likewise, increases the rate of flow ; and
there is no compensatory decrease after the stimulation, as seen in

the sheep's parotid.

5. In some glands, such as the submaxillary gland of the cat, the

flow of saliva seen during sympathetic stimulation is usually so

rapid and persists for such a long time that it can only be due to

a real secretory effect. That the gland cells are affected by the

stimulation is further evidenced by the fact that their membrane
potential changes, as seen with intracellular recording (Lundberg,

1955); in exceptional submaxillary glands, which do not secrete on

sympathetic stimulation, no electrical responses are found.

Although the secretory effect of sympathetic stimulation on most

submaxillary glands of cats is unmistakable, the existence of secre-

tory sympathetic fibres has been denied. In the histological investi-

gation by Kuntz and Richins (1946), quoted above, it was inferred

that the innervation of the glandular elements is mainly, perhaps

exclusively, parasympathetic. In a later paper (Richins and Kuntz,

1953) the same authors express the view that the secretion from the

cat's submaxillary and parotid glands which follows sympathetic

stimulation, is caused by the transmitter released from the endings

of vasomotor fibres, diffusing from the vascular bed to the gland

cells. This theory was based on the observation that the secretory

effect of sympathetic, but not of parasympathetic stimulation, was

abolished by occlusion of the external carotid artery.

Such a theory might perhaps explain the variability in the secre-

tory responses to sympathetic stimulation. As shown by Lundberg

(1955) the electrical responses of the single gland cell appear with

a longer latency after sympathetic than after chorda stimulation;

further, whereas single shocks to the chorda cause the response,

repetitive stimulation of the sympathetic is required. These facts

might be in agreement with the theory of Richins and Kuntz. It is

certainly easier to accept effects as due to diffusion of the relatively

stable sympathetic transmitter than to acetylcholine.

In order to prove that secretory fibres for the salivary glands are

really present in the sympathetic trunk it would be desirable to be

able to excite the various types of fibres separately. The different

effects of the stimulation can be separated. After a suitable dose of

chlorpromazine, for instance, the secretory effect of sympathetic

stimulation is abolished but the vasoconstriction retained; after
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priscol, on the other hand, the constriction is lost but the secretion

preserved (Emmelin, 19556). Of course, these observations cannot

be used as arguments to show the presence of special secretory

fibres. It does not seem likely that it would be possible to stimulate

secretory fibres electively near the exit from the spinal cord.

Langley (1892), stimulating different spinal nerves, concluded that

"the origin of the secretory fibres in the Cat and Dog bears, then,

a very close resemblance to the origin of the vaso-motor fibres in

these animals". Some light may be thrown on the problem under

discussion by experiments on the degenerating sympathetic fibres.

In the cat, it is true, the secretory and vascular effects seem to dis-

appear at about the same time after section of the sympathetic

trunk (Jurist and Rabinovich, 1924); but in dogs Sinelnikoff(i92i)

was able to obtain a secretory effect unaccompanied by vasocon-

striction between the third and the sixth day after the nerve had

been cut. The secretory effect was apparently mostly demonstrated

as an "augmented secretion" after chorda stimulation. Similar ex-

periments led Stavraky (1931) to the conclusion that such an

"augmented secretion", obtained about 90 hours after the opera-

tion, is not a "true augmented secretion" but a mechanical phe-

nomenon, due to stimulation of surviving motor fibres. In some

experiments, however, Sinelnikoff obtained a flow of saliva on

rhythmical stimulation of the degenerating nerve even without

previous chorda stimulation, and not accompanied by vasocon-

striction. It might be that this effect was due to stimulation of real

secretory fibres.

An indication of an influence, exerted under physiological con-

ditions by the sympathetic fibres on the secretory cells may be that

removal of the superior cervical ganglion is followed by the develop-

ment of a supersensitivity of the gland cells to chemical agents

(Simeone and Maes, 1939; Emmelin and Muren, 1951). This does

not prove, however, that there are separate secretory fibres, but it

shows that the sympathetic fibres normally have some kind of

action on the secretory cells, even if it may be exercised by sym-

pathin diffusing from the vasomotor nerve endings. Actions on

the gland cells, observed in an experiment during stimulation of

the sympathetic fibres, are not merely due to abnormal conditions,

for instance the use of unphvsiologically high frequency of

stimulation.

Claude Bernard (1858) found that a permanent flow of impulses
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in the sympathetic trunk keeps the vessels of the submaxillary

gland in a state of contraction. If the flow of blood through the

submaxillary gland of the cat is recorded in an acute experiment
it can be shown that section of the cervical sympathetic trunk con-

siderably increases the blood flow. Now, it can often be demon-
strated that to restore the preoperative level of vascular tone it is

necessary to stimulate the peripheral stump of the sectioned trunk

using an impulse rate, which causes a slow flow of saliva

(Emmelin and Engstrom, 1960a). Since the same degree of tone

was maintained physiologically, presumably by impulses of the

same rate, without any secretion, this observation may suggest that

separate secretory fibres are present in the trunk. The physiological

discharge rate in vasoconstrictor fibres seems to be of the order of

1 to 3 impulses per second under "resting conditions" (see Folkow,

1955). Impulses of such a rate, artificially applied to the cervical

sympathetic trunk will fairly regularly evoke a flow of saliva ; a very

slow secretion has even been observed in one cat on stimulation of

the sympathetic trunk at a frequency of 10 per minute (Emmelin

and Engstrom, 19600). It would be interesting to know the lowest

rate of sympathetic stimulation causing a change in the membrane
potential of the single gland cell. It also seems desirable to see

whether an intense vasoconstriction can be elicited reflexly in a

salivary gland without any secretion. In a series of experiments on

cats the sympathetic vasoconstrictors were activated by bleeding.

In order to avoid interference from blood-carried adrenaline and

the mechanical effect of the bleeding the submaxillary gland was

perfused separately by blood from the carotid artery of another

cat. Bleeding was found to cause a pronounced vasoconstriction in

the gland, but no secretion. Electrical stimulation of the sym-

pathetic trunk using a frequency which gave a similar constriction

invariably evoked a flow of saliva (Emmelin and Engstrom, 1959

and 1960a).

More work may be required to settle the question raised by the

investigations of Kuntz and Richins. It seems safe, however, to

conclude that sympathetic fibres under fairly physiological con-

ditions may stimulate the secretory cells of many salivary glands,

even if no fibres end in anatomical contact with these cells. The

fact that the maximal rate of secretion obtainable on sympathetic

stimulation in the cat's submaxillary gland is about as big as that

caused by injected adrenaline or noradrenaline suggests that the
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sympathetic impulses are able to reach all the secretory cells

susceptible to the sympathetic mediator (Emmelin, 19550).

Which gland cells then have a sympathetic innervation? (In the

following the cells will be called "innervated" even if the effect is

an indirect one, as discussed above.) The problem whether the

individual gland cell is controlled both by parasympathetic and

sympathetic fibres has been a matter of dispute since the days of

Heidenhain and Langley. Through the work of Babkin and his

school it has been generally accepted that the gland cell is not

innervated by both sets of fibres, but that the alveolar cells have a

parasympathetic, the demilune cells a sympathetic supply. The
experimental evidence supporting this conception has been sur-

veyed by Babkin (1950). Recently, however, this view has been

contested by several investigators.

Langenskiold (1941) analysed the external electrograms obtained

from the submaxillary gland on stimulation of the different nerves

and on injection of drugs, and came to the conclusion that "all

secretory cells in the submaxillary gland that are innervated by the

sympathetic are also innervated by the chorda".

From histological investigations Glimstedt and Hillarp (1942)

concluded that the separate secretory cells of the rat's submaxillary

gland very likely have a double innervation.

Experiments on the maximal rate of secretion under various con-

ditions have supported the view expressed by Langenskiold (Em-
melin, 19550). Stimulation of the cervical sympathetic trunk usually

causes an abundant flow of saliva from the submaxillary gland of

the cat. Nevertheless, when chorda stimulation elicits its maximal

rate of salivary flow, an added sympathetic stimulation is unable

to accelerate the flow further
;
provided that the sympathetic fibres

were able to throw into activity cells not already activated by the

mediator released at the chorda endings, one would expect the flow

of saliva to increase. Fig. 3.6 shows such an experiment. The
maximal rate of flow obtained on chorda stimulation is shown in

the first section, that obtained on sympathetic stimulation in the

second. In the last part sympathetic stimulation was superimposed

upon the chorda stimulation; the rate of flow did not increase, but

after a short period it started to decrease. This latter effect is due to

sympathetic vasoconstriction. When the gland is secreting at a

maximal rate it is very susceptible to a reduction of the blood

supply. The vasoconstriction could be almost abolished by pre-
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Fig. 3.6. Secretion from a submaxillary gland of a cat. Chloralose anaesthesia.

Records from above: rate of secretion; time in minutes; signal. Left tracing: C, chorda stimu-

lated; middle tracing: S, sympathetic stimulated; right tracing: C, chorda stimulated throughout,

S, sympathetic stimulated between vertical lines (Emmelin, 1955a).

Fig. 3.7. Submaxillary secretion and blood flow in a cat, both recorded

using ordinate recorders.

Records from above: blood pressure; secretion; time in minutes; signal; blood flow through

the gland. First section: sympathetic stimulation for 1 minute. Throughout the whole second

section the chorda was stimulated to cause maximal secretion, and between the two marks ot the

signal the sympathetic was stimulated as well. Third section, starting 20 minutes 1after intravenous

injection of 5 mg kg priscol, shows effect of sympathetic stimulation. Fourth section repeats

section two (at the end of the sympathetic stimulation period the chorda stimulation was discon-

tinued for some seconds by mistake). Section five: sympathetic stimulation (Emmelin, IQ55«).

57
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vious administration of priscol, without decreasing the secretory

sympathetic response. This is shown in Fig. 3.7 in which both

secretion and blood flow were recorded. It can be seen that sym-

pathetic stimulation, after priscol, neither decreased the blood flow

nor the secretion during chorda stimulation. But it did not increase

the salivary flow either; the fact that this did not occur in the

absence of priscol, therefore, was not due to a sympathetic vaso-

constriction.

Strong evidence for a double innervation of the gland cells was

obtained when the nerves were stimulated during intracellular elec-

trical recording (Lundberg, 1955). In the microelectrode "type 1"

response of submaxillary glands, supposed to originate from alve-

olar cells, the resting membrane potential of the cell could be

increased both by chorda and sympathetic stimulation. In the

"type 2" response, probably from demilune cells, chorda stimu-

lation gave hyperpolarization, but sympathetic stimulation depolar-

ization. In the sublingual gland of the cat only one type of response

was found; both nerves affected the potential, both raising the

potential over the outer membrane above the resting level (Lund-

berg, 1957).

Experiments by Stromblad (19576) indicate that the two chemi-

cal mediators act on the same cells. The oxygen consumption of

chopped submaxillary glands of cats was measured manometrically.

Acetylcholine, adrenaline and noradrenaline increased the respira-

tion. When one of the drugs was given in a dose causing its maximal

effect, another of the drugs could not further increase the response.

Hokin and Sherwin (1957) found that acetylcholine and adrenal-

ine stimulate the secretion of amylase and the incorporation of 32P
into the phospholipids in slices of parotid glands of rabbits. The
effects of maximal concentrations of the drugs were not additive,

suggesting that the two drugs acted on the same cells of this gland

also.

Section of the chorda tympani is followed by a pronounced super-

sensitivity of the gland cells to adrenaline (and acetylcholine). It

seems unlikely that cells not normally excitable by adrenaline

should become susceptible to this agent through denervation ; for

instance, it may be pointed out that the maximal rate of secretion

on adrenaline injection is not higher in the denervated than in the

normal gland (Emmelin and Muren, 1951). As the sympathetic

seems to be able to affect all the cells sensitive to adrenaline, it is
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probable that section of the chorda affects cells which can be influ-

enced by the sympathetic also, i.e. cells with a double innervation.

Similarly, removal of the superior cervical ganglion sensitizes the

gland cells to acetylcholine and to impulses of low frequency in

the chorda. Cross-suture experiments have, likewise, pointed to the

existence of a double innervation (Emmelin, Muren and Strom-

blad, 19570 and b). When hypoglossal fibres were made to inner-

vate the submaxillary gland through the chorda, the supersensitivity

to drugs which developed when the chorda was cut was found to

decrease. When, instead, the hypoglossal nerve was connected to

the cervical sympathetic trunk and the chorda cut, the super-

sensitivity was also found to decrease when there was evidence

of a functional union, for instance when swallowing movements

were accompanied by dilatation of the pupil, retraction of the

nictitating membrane and secretion of saliva. The hypoglossal

nerve is thus not only able to counteract the supersensitivity, fol-

lowing section of the chorda, when connected to the chorda, but

to the sympathetic as well. This surely suggests that the chorda

and the sympathetic act on the same gland cells.

There are thus several very different types of experiments sup-

porting the view that the gland cells of at least many salivary glands

have a double innervation. On these particular structures the two

divisions of the autonomic nervous system have consequently not

an antagonistic function ; in the salivary glands the antagonism is

exerted on the vascular bed only. The two sets of nerves act rather

synergistically, as seen in the "true augmented secretion". This

does by no means imply that the nerves have identical effects on the

secretory cells. Saliva secreted under the influence of one nerve

may differ very much in its composition from a sample collected

during stimulation of the other nerve, and the difference cannot

be due to vascular factors alone. Furthermore, the electrical

responses to the two types of nerves are very different, in the

"type 2" responses of Lundberg even of different sign.

The picture of a salivary cell is thus that of a cell which can be

excited by two different transmitters, both causing graded responses

according to their concentration; the action of one substance is

specifically antagonized by drugs like atropine, that of the other by

drugs like ergotamine ; and the response of the cell to one trans-

mitter can be very different from that to the other one.

The chemical transmitter responsible for the secretory effects of
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sympathetic stimulation has been much less studied than the medi-

ator of the parasympathetic fibres. Since the investigations by

Cattell, Wolff and Clark (1934) the sympathetic fibres of the sali-

vary glands have been supposed to be adrenergic. These workers

showed that stimulation of the sympathetic fibres of the gland

caused a contraction of the sensitized contralateral nictitating mem-
brane ; this effect could not be induced if the venous effluent from

the gland had been stopped by a clamp. The effect could, of course,

be due to sympathin from the vasoconstrictor endings in the

gland, and it probably was in part. It was, however, further demon-

strated that the secretory effects of sympathetic stimulation were

increased by cocaine, which indicated an adrenergic transmitter at

work. The fact that the electrical responses to adrenaline are iden-

tical with those obtained on sympathetic stimulation may further

speak in favour of the view that the transmission is adrenergic.

Whether the transmitter is adrenaline, noradrenaline or both, is not

known, and probably difficult to establish in view of the fact that

the nerve seems to contain not only secretory, but motor and vaso-

motor fibres as well. Oborin (1954) perfused the submaxillary gland

of the cat and found that both adrenaline and noradrenaline ap-

peared in the perfusate on sympathetic stimulation. The greater

part of the sympathin was noradrenaline, but at least 10 per cent

was adrenaline. Smaller doses of adrenaline are needed to produce

a secretion than of noradrenaline ; in many cats the secretory effect

of adrenaline is but little increased by cocaine, but that of nor-

adrenaline markedly, and in these animals cocaine has only a small

effect on the secretory response to sympathetic stimulation (Em-
melin and Emmelin, 1953). These observations may centre the

interest on adrenaline as a transmitter for the secretory process : but

further work on this problem is certainly required.

Very little is known, likewise, about the destruction of the secre-

tory mediator in the salivary glands. It may be mentioned here that

amine oxidase has been shown to be present. The submaxillary

gland of the cat shows a higher activity than the parotid gland ; in

that connection it is pointed out that the sympathetic secretory

innervation is much more pronounced in the former gland than in

the latter. Removal of the superior cervical ganglion does not cause

a fall in the amine oxidase activity in the submaxillary gland, and

in the parotid gland there is even an increased activity (Stromblad,

19566).
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The secretory response to sympathetic stimulation differs from

that to parasympathetic stimulation in being more or less short-

lasting. This is well illustrated in Figs. 3.6 and 3.7. During constant

stimulation of the sympathetic the flow of saliva decreases ; some-

times the rate may temporarily increase again, but on the whole it

tends to decline and often to stop completely. This is obviously not

because the secretory cells (or their receptive mechanism) are ex-

hausted, for a long-lasting, regular flow can be maintained by con-

tinuous injection of adrenaline or noradrenaline. Nor is this decrease

in rate due to failure of synaptic transmission, for it is seen when

the postganglionic fibres are stimulated also. The pronounced vaso-

constriction evoked by stimulation may play a role; the temporary

increase in secretion sometimes seen always accompanies a vaso-

dilatation, which for a short period replaces the constriction. The
experiment of Fig. 3.7 may point in the same direction. It shows

that after priscol the sympathetic constriction is almost abolished,

and now the secretory response is somewhat bigger than before

priscol. The figure shows also, however, that even with priscol

the sympathetic secretion is not well maintained ; consequently the

decrease in rate cannot wholly be due to constriction. Probably the

stores of the adrenergic transmitter get used up more quickly than

they can be replaced ; it should be noticed that the experiments are

usually carried out with unphysiologically high stimulation fre-

quencies. With a low rate of stimulation the secretion can, in fact,

often be well maintained for a long time (Emmelin and Engstrom,

1960a). A factor contributing to the initial rapid flow may be the

simultaneous stimulation of sympathetic motor fibres.

In man, stimulation of the sympathetic trunk in the neck causes

a secretion of saliva from the submaxillary, but not from the parotid

gland (Folkow and Laage-Hellman, i960). Similarly, adrenaline

injected into a salivary duct in man, evokes a flow of saliva from

the submaxillary, but not from the parotid gland (Emmelin and

Stromblad, 1954). In human salivary glands the amine oxidase

activity is remarkably high (Stromblad, 1959).

THE POSTGANGLIONIC NEURONES OF THE SECRETORY

NERVES

Recent experiments suggest that the postganglionic neurones

may have an action on the secretory cells apart from the one due

to impulses from the central nervous system relayed across the
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ganglionic synapses. There is evidence to show that acetylcholine

is continuously released from the postganglionic, parasympathetic

endings in the salivary glands, and it may exert some kind of action

on the gland cells (Emmelin, i960).

In perfusion experiments with eserinized solutions acetylcholine

has been detected in the effluent when no nerves have been stimu-

lated (Henderson and Roepke, 19336, Emmelin and Muren, 1950).

This can be seen in Fig. 3.2. In these experiments impulses from

the central nervous system were excluded by section of the

(preganglionic) chorda fibres. Acetylcholine was obtained even

when curarine was present in the perfusion fluid, as shown in the

figure, and this could therefore not be due to impulses from the cut

end, for instance, or set up in the postganglionic cell body by the

eserine.

Anticholinesterases are known to cause secretion of saliva. This

is the case even when the drugs are given into the artery of the

gland (Dirnhuber and Evans, 1954) or through the salivary duct

towards the gland (Emmelin, Muren and Stromblad, 1954); with

suitable doses the effect will remain local in the gland. The effect

is abolished by atropine. It can be elicited when the chorda fibres

have been cut, and is thus not dependent on impulses from the

central nervous system. It can even be evoked when the post-

ganglionic fibres have been sectioned acutely (Emmelin and Strom-

blad, 1958a); this was shown by section of the auriculo-temporal

fibres of the parotid gland. Consequently, the secretory effect of

anticholinesterases is not dependent on impulses from the post-

ganglionic cell body either. When the postganglionic fibres have

been cut in advance and been allowed to degenerate, on the other

hand, the effect of anticholinesterases is very small, in spite of the

fact that the gland cells, because of the denervation, are highly

supersensitive to acetylcholine. Fig. 3.8 shows the effect of eserine

Nor(R)
Post (L)

£
Fig. 3.8. Secretion from the normally innervated, right parotid gland of a cat

(Nor) and from the left parotid (Post); the left auriculo-temporal fibres had been
cut 18 days previously.

Time in minutes. The signal (Sig) marks the injection of acetylcholine, 2 /'g/kg, intravenously
at A ; and the injection into the right (R) and left (L) parotid duct of 50 /<g eserine (£) (after

Emmelin and Stromblad, 1958).



Postganglionic Neurones 63

on the normal gland and on the gland previously postganglionically

denervated, and sensitized to acetylcholine. The eserine was in-

jected through the ducts so as to make it possible to treat the

glands separately.

The most reasonable explanation of these experiments seems to

be that there is a small continuous release of acetylcholine from the

postganglionic, parasympathetic nerve endings, similar to the leak-

age from the motor nerve terminals, sufficient to cause a secretion

only when the cholinesterase has been inhibited.

That an effect is obtained at all after the auriculo-temporal nerves

have degenerated presents in itself a problem. It probably indicates

that some cholinergic fibres are still present in the parotid gland;

some auriculo-temporal fibres may have been left, or some fibres

may reach the gland by other channels, as discussed in the next

section of this chapter.

During the period in which the auriculo-temporal fibres are

degenerating a curious phenomenon, a "paroxysmal salivary

secretion", can be seen (Emmelin and Stromblad, 19586). Attacks

of secretory activity occur, alternating with periods of rest. The
flow, as will be discussed later in Chapter VI, is probably due to

bursts of acetylcholine released from the endings of the degenerat-

ing fibres. Normally, however, the continuous release is apparently

not large enough to cause a secretion when acetylcholine is not

preserved by a cholinesterase inhibitor. The question naturally

arises whether the acetylcholine released has any effect. Dirnhuber

and Evans (1954) suggest that this acetylcholine may perhaps keep

the gland in a condition of constant subliminal excitation.

Investigations in quite a different field may give some indication

that continuously released acetylcholine normally exerts some

action on the gland cells. When the chorda tympani has been cut,

the secretory cells of the submaxillary gland acquire a super-

sensitivity to chemical agents, which develops progressively and

reaches a maximum within three weeks. In order to study whether

the same would happen when the gland cells were deprived of

chorda impulses in some other way, cats were treated with repeated

injections of atropine over some weeks. A supersensitivity was

found to ensue, and like the one following section of the chorda it

was unspecific ; therefore, a substance like adrenaline could be used

for testing the level of sensitivity, even in the presence of atropine

(Emmelin and Muren, 1951). Further examination disclosed
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that the level of supersensitivity attained by treatment with para-

sympatholytic agents was higher than that created by cutting the

chorda (Emmelin and Stromblad, 1957). The drug had obviously

excluded chorda impulses from acting on the gland, but must

also have had some further effect. Since the agent used (piperidino-

ethyl-diphenyl-acetamide) was found to be highly specific as a

parasympatholytic agent it was concluded that the additional sen-

sitization, above the chorda level, indicated that the drug had

prevented some acetylcholine, unconnected with preganglionic

chorda impulses, from acting on the gland. It is reasonable to

assume this to be the acetylcholine supposed to leak continuously

from the endings of the postganglionic, parasympathetic neurones.

If this be true, the experiments described would demonstrate that

this acetylcholine normally exerts some action on the gland cells,

the elimination of which would manifest itself in a supersensitivity.

The postganglionic neurones of the submaxillary gland cannot be

completely eliminated surgically since some of them are situated

within the gland ; but if the chorda is dissected towards the hilum

of the gland and removed as thoroughly as possible, a super-

sensitivity is found to follow which surpasses that obtained by

section of the chorda but is not quite as high as that found after

treatment with parasympatholytic agents (Emmelin, i960). This

affords additional evidence of some influence exerted by the

postganglionic neurone on the gland.

The sympathetic, postganglionic neurone seems to have some
similar action on the gland cells, for whereas removal of that

neurone causes a supersensitivity, preganglionic sympathetic

denervation does not (Emmelin and Engstrom, 1960&).

SECRETORY FIBRES THROUGH LESS-KNOWN CHANNELS

Several investigators have concluded that some of the salivary

glands may receive secretory fibres by other routes than those

generally accepted. Seo (1934) cut the chorda tympani and re-

moved the superior cervical ganglion in dogs supplied with a per-

manent fistula of the submaxillary and sublingual glands. In spite

of these operations secretory responses were obtained on feeding

and even when food was shown. The effects were small shortly

after the nerves had been cut but increased somewhat in the course

of time. Various procedures, such as cutting other nerves in the

neighbourhood, were tried in order to eliminate the effects, but
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without success. The conditioned responses obtained, very quickly

elicited, surely suggest the existence of some nervous pathway.

Koropow (1939) found the salivary reflex of the parotid gland of

dogs to reappear some time after parasympathetic denervation;

sympathetic denervation did not abolish the response. Similar

results were described by Emmelin and Stromblad (1953), working

on dogs with permanent fistulae of the submaxillary glands. Con-
ditioned reflexes were obtained from the "denervated" glands;

they were initially very small but increased gradually in the course

of time ; after some weeks when they had fully developed on one

side, the contralateral gland gave as big a response only a few days

after "denervation". Babkin (1950) suggests that "reserve paths"

may exist which after section of the usual secretory nerves gradu-

ally take over their function.

Some observations in man may be further quoted. In three

patients Reichert and Poth (1933) observed that the flow of saliva

diminished not only from the parotid, but from the submaxillary

and sublingual glands as well after intracranial section of the glos-

sopharyngeal nerve ; this was followed by some recovery. Similarly,

section of the chorda in the middle ear decreased the secretion from

all three glands. The authors concluded that all the glands receive

secretory fibres from the seventh and the ninth nerves. In anatomi-

cal investigations in man Guerrier and Bolonyi (1948) have found

nerve fibres from a cervical branch of the facial nerve entering the

submaxillary gland, and fibres from the hypoglossal nerve which

enter the sublingual gland. Recently, Laage-Hellman and Strom-

blad (i960) have observed that no pronounced supersensitivity

develops in the submaxillary gland after section of the chorda in

the middle ear in patients. When searching for an explanation for

this they have found that a profuse reflex secretion can still be

obtained in these cases; the effect can be abolished by injecting

local anaesthetics with the aim of blocking the hypoglossal or

glossopharyngeal nerves.

There are apparently great species differences in this respect.

Stimulation of the hypoglossal nerve in cats does not cause any

submaxillary secretion, even if the chorda has been cut in advance

;

this operation would otherwise in two ways favour the unveiling

of secretory fibres in the hypoglossal: by mobilizing the "reserve

path" and by sensitizing the gland cells to secretory impulses

(Emmelin, Muren and Stromblad, 1957a).

P.S.G.—

F
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THE AFFERENT NERVES OF THE SALIVARY GLANDS

Various observations indicate that the salivary glands have a

supply of fibres carrying pain impulses. Claude Bernard (1858)

observed that direct stimulation of the submaxillary gland of a

non-anaesthetized dog caused evidence of pain. It is well known
that swelling of the gland is painful. When the salivary duct is

obstructed secretion of saliva during meals produces pain rn the

gland. Similarly, pain is experienced when fluid is injected through

the duct towards the gland to elicit secretion (Emmelin and Strom-

blad, 1954). An interesting phenomenon has been described by

Gardner and Abdullah (1955). In patients in which the superior

cervical ganglion had been excised, pain appeared in the parotid

region on eating. It was first seen during the second week after the

operation; it occurred just at the beginning of the meal and re-

mained for a few seconds. Sometimes it became milder over a

period of some months, but did not disappear. It was described

as similar to the pain experienced in mumps and was therefore

supposed to be the result of sudden increase in intracapsular ten-

sion occurring as a reflex response to the gustatory stimulus. Since

it was not abolished by atropine it could not be due to a sudden

production of saliva. Instead, an excessive vasodilatation was

thought to be the cause of the pain ; as atropine does not antagonize

the reflex vascular response but only the secretion it would not be

expected to have any effect. After a ganglionic blocking agent, or

after section of the glossopharyngeal nerve, no pain was obtained

on eating. The authors' explanation is that the pain arises because

on eating a vasodilation is elicited, which becomes abnormally big

when not antagonized by the sympathetic nerves ; since patients in

which the preganglionic sympathetic had been cut did not show the

phenomenon it was assumed that the decentralized postganglionic

sympathetic neurone was able to hold within physiological bounds

the vasodilatation on eating.

A related phenomenon is probably the pain sometimes experi-

enced at meal times by hypertensive patients receiving bretylium.

The hypothesis has been put forward that the chorda tympani

contains afferent fibres which transmit interoceptive impulses aris-

ing in the secreting gland to regions in the central nervous system,

from which the secretory activity can be modified (Galperin, 1936).
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CHAPTER IV

PHARMACOLOGY OF SALIVARY SECRETION

It would seem that the only way of activating the secretory mech-

anism of the salivary gland cell is to apply an agent which imitates

the action of parasympathetic or sympathetic nerve fibres. As early

as 1859, Claude Bernard had shown that the salivary gland cells

cannot be excited electrically. It is true that various agents, ordin-

arily not classified as autonomic drugs, such as potassium, barium

and mercury ions, histamine and some other imidazole derivatives,

tetramethylammonium, and an unidentified compound present in

saliva, may excite secretion. Common to these substances, how-

ever, is that their secretory actions, like that of parasympathetic

stimulation, can be abolished by atropine. The only doubtful case

may be the secretion caused by some nitrogen mustards, which

cannot be interrupted by the administration of atropine ; and it has,

in fact, been assumed by some investigators that such agents have

a
'

'direct" effect on the secretory mechanism. Nevertheless, if

atropine has been given prior to the injection of the nitrogen mus-

tard no secretion is evoked. The general statement that no agents

can cause a secretion of saliva after the administration of a sym-

patholytic or parasympatholytic drug therefore seems to hold

good.

Apart from the various agents, acting within the salivary glands,

numerous drugs may of course provoke a flow of saliva by causing

a discharge of impulses in the secretory nerves. Such agents may
act on receptors from which a salivary reflex can be elicited or on

central or ganglionic structures. Correspondingly, salivary secre-

tion can, under such circumstances, be abolished not only by sym-

patholytic or parasympatholytic agents but by drugs with gan-

glionic blocking or central depressant action as well. Generally, it

seems to be true that salivary secretion is very susceptible to a

blocking action, exerted peripherally, ganglionically or centrally.

It is a common experience that dryness of the mouth is one of the

more frequent side effects of therapeutic agents. Henderson (1923)

studied the sensitivity to atropine of various structures supplied

with nerves from the bulbosacral outflow and found the following

72
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order of sensitivity: "nasal, chorda secretory, cardiac vagus, tonus

of pyloric sphincter, and small intestine, bladder, oculomotor to

pupil, salivary vasodilator, vagus to intestine for rhythmic and
peristaltic movements". After a dose of a sympatholytic agent such

as dihydroergotamine, chlorpromazine or regitine which abolishes

the salivary secretory effect of stimulation of the cervical sym-
pathetic trunk contraction of the nictitating membrane, dilatation

of the pupil and a rise of blood pressure can still be obtained. The
order of decreasing sensitivity to the ganglionic blocking action of

hexamethonium is given as follows: parasympathetic salivary

ganglia, sympathetic superior cervical ganglion, sympathetic vaso-

motor and parasympathetic intestinal ganglia and vagal cardiac

ganglia (Goodman and Gilman, 1955). Investigators of salivary

secretion in animals have often observed that in most types of

anaesthesia there is no flow of saliva and it is difficult or impossible

to elicit a salivary reflex, whereas various other reflexes are readily

evoked.

DRUGS THAT ELICIT SECRETION REFLEXLY

The literature dealing with the effect of various gustatory stimuli

on the secretion of saliva has been extensively reviewed by Babkin

(1928). The effect of agents exciting the taste buds to evoke secre-

tion of saliva has been studied particularly in human beings and

in dogs. Chemical agents apparently play a minor role as stimulants

of salivary secretion in horses, cattle and sheep ; in these animals

the physical properties of the food are of particular importance, as

shown for instance by Scheunert and Trautmann (1921). Never-

theless, it is sometimes possible to evoke a secretion from the

parotid gland of sheep by applying acetic acid or sucrose on the

tongue (Coats, Denton, Goding and Wright, 1956). When study-

ing species differences as to gustatory stimuli, it is necessary to

bear in mind investigations on various animals on action potentials

in the taste fibres after application of different substances to the

tongue. It is known, for instance, that the tongue of the cat lacks

receptors sensitive to sugar (Zotterman, 1935).

Substances irritating the oral mucosa stimulate secretion of

saliva. The excessive salivation characteristic of mercury poisoning

is thus probably in part secondary to the stomatitis caused by mer-

cury excreted by the saliva. Smoking usually increases the flow of

saliva by irritating the mucosa ; the amount of nicotine absorbed
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after a few cigarettes is insufficient to cause secretion (Schnedorf

and Ivy, 1939).

The secretion caused by ether, chloroform or cyclopropane is

likewise of reflex origin. Robbins (1935) examined the effect of

various anaesthetics on the parotid secretion in dogs. With the

agents mentioned he observed a lively flow of saliva when they

were first administered; in deep anaesthesia the flow ceased, to

return during recovery. No secretion was obtained if the agents

were supplied directly via a tracheal cannula, or if the upper

respiratory tract had been cocainized ; the site of action was, there-

fore, assumed to be on nerve endings in the upper respiratory

mucosa. During surgical anaesthesia, the reflex was suppressed by

the action of the anaesthetics on the medullary centres.

A reflex which may be related to the one just described has been

observed by Elsberg, Spotnitz and Strongin (1940, 1942). Flow of

saliva elicited from the nasal mucosa by odorous substances is

generally assumed to be due to a conditioned reflex ; these authors,

however, studied a response which they called the olfactory-

parotid reflex and supposed to be unconditioned. When a stream

of air containing menthol or phenylethyl alcohol was blown into the

nose, saliva was found to flow from the parotid glands, particularly

ipsilaterally. The response was obtained even in patients with com-

plete anosmia and was therefore assumed to be elicited from end-

ings of trigeminal fibres. This is in agreement with the conclusions

reached by Lashley (1916) according to whom there is no uncon-

ditioned reflex secretion to olfactory stimulation, whereas odorous

substances, which irritate the mucosa, like amyl alcohol or oil of

peppermint, may stimulate salivary secretion.

Numerous early investigators have stated that a solution of

atropine can cause a flow of saliva when dropped into the eye. This

effect is, however, not elicited from the conjunctiva as once sup-

posed but from the oral mucosa (Metzner, 191 2; Blume, 1928).

DRUGS WITH CENTRAL ACTIONS

Salivary secretion may be one of the effects caused by drugs that

excite the central nervous system. For instance, picrotoxin in a

dose which gives convulsions and stimulates the medullary respira-

tory and circulatory centres evokes a flow of saliva as well (Griin-

wald, 1909). After bulbocapnine in sublethal or lethal doses, salivary

secretion was observed (Amadon and Craige, 1935). Tournade and
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Malmejac (1930) found a secretion after intravenous injection of

coramin and pyridin ; they inferred the effect to be central since it

was obtained in a submaxillary gland of a dog even when the gland

was perfused with blood from another dog. After administration

of cocaine to a cat, Blume (1928) observed a profuse salivation

lasting for hours.

Of greater interest than these drugs with more or less generalized

central effects are those which activate a physiological mechanism
to produce a syndrome in which salivary secretion is one com-
ponent. Two instances of drugs causing such effects may be men-
tioned : drugs affecting thermoregulation and drugs eliciting nausea

and vomiting.

In dogs, salivation and panting play an important part in the

thermoregulatory process. It has been shown that when the body
temperature is raised in dogs by the subcutaneous injection of

/?-tetrahydronaphthylamine, the submaxillary and sublingual, but

not the parotid glands, enter into activity and there is a clear

parallelism between the increase in temperature and the rate of

salivary flow (Alexandrov, 1939, 1955). Tainter and Cutting (1933)

increased the metabolism and the body temperature in different

species by injecting dinitrophenol. All the animals were found to

make efforts to dissipate heat; the respiration was accelerated and

dogs reacted by panting and pouring out large amounts of saliva

over the tongue.

In the nausea syndrome hypersalivation is a conspicuous feature.

Drugs with an emetic action therefore cause salivary secretion

whether they act reflexly, on the medullary vomiting centre or on

the chemoceptive emetic trigger zone of the area postrema. Saliva-

tion caused by apomorphine, morphine and related alkaloids (Eddy

and Reid, 1934), digitalis glucosides (Wallace and Van Dyke, 1933),

quinidine (Ernstene and Lowis, 1933) and veratrum preparations

(Borison and Fairbanks, 1952) therefore occurs, not as a separate

effect, but as part of the nausea syndrome.

Numerous drugs have been seen to produce secretion of saliva

when injected into the ventricular system of the brain. This effect

has been combined with a variety of other symptoms ; the effects

have usually been supposed to be elicited from the cells surrounding

the third ventricle. Well known are the investigations by Cushing

(1931), according to which, pituitrin and pilocarpine, injected into

the lateral ventricles in man, cause vascular effects, perspiration,
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salivation, retching, vomiting and other symptoms. The drugs

were assumed to act by direct stimulation of hypothalamic nuclei

after diffusion through the ependymal lining of the third ventricle,

and the observations were taken as evidence to show the existence

of a "parasympathetic centre" in the diencephalon. Some salivary

secretion was described by Henderson and Wilson (1936) to occur

after intraventricular injection of acetylcholine in man; it was com-

bined with nausea. In experiments on monkeys, however, no

secretory effects of pituitrin or acetylcholine given into the lateral

ventricles were observed; pilocarpine caused secretion (Light and

Bysshe, 1933). In rabbits pilocarpine was likewise found to cause

a secretion of saliva when injected intraventricular^ (Light, Bishop

and Kendall, 1933). Aird and Montgomery (1936) found pilo-

carpine given into a lateral ventricle of dogs to act even on a

denervated salivary gland and concluded that the drug exerted its

effect after absorption into the blood. This is obviously an import-

ant source of error, necessary to take into account in experiments

of this type, when the drugs have a peripheral, secretory effect. In

the case of pituitrin no such site of action seems to exist.

Among the effects of central excitation caused by curare saliva-

tion has been described. McGuigan (19 16) observed a flow of saliva

in dogs after injection of curare into the fourth ventricle. Salama

and Wright (1950) saw a secretory effect in cats when d-tubocura-

rine had been injected into a lateral ventricle and regarded this

experiment as support for the view expressed by Mclntyre (1947),

according to which salivation occurring after rapid intravenous

injection of curare is of central origin; it is associated with retching

and often with vomiting.

In their chronic experiments on unanaesthetized cats, Feldberg

and Sherwood have found salivation to occur after the injection

into the lateral ventricle of doses of ^-tubocurarine as small as

30 jag. Flow of saliva and defaecation appear as initial symptoms

in a syndrome characterized by convulsions and electrical changes

in the brain resembling those of grand mal epilepsy (Feldberg and

Sherwood, 1954; Feldberg, 1957). Various other drugs applied in

the same way, histamine, 5-hydroxytryptamine, hexamethonium,

decamethonium, banthine and atropine were also found to cause

a profuse secretion of saliva. It is interesting to observe that these

drugs all caused tachypnoea with or without panting; most of

them caused retching and vomiting as well.
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Central inhibition of salivary secretion caused by general anaes-

thetics has already been mentioned. Some of these drugs, for

instance, certain barbiturates, may in addition exert an inhibitory

action on ganglia and more peripheral structures, as will be dis-

cussed below. Salivation as a component of the nausea syndrome

will be counteracted by antiemetic drugs, such as the antihista-

mines; some of these may further decrease the flow of saliva by

virtue of a parasympatholytic action.

DRUGS WITH GANGLIONIC ACTIONS

Drugs exciting ganglion cells may cause a secretion both via the

parasympathetic and the sympathetic postganglionic neurones ; the

biggest effects are obviously elicited via the former system. Simi-

larly, drugs interfering with synaptic transmission may do so in

both systems, but since secretion elicited from the central nervous

system is mainly mediated by the parasympathetic nerves, the most

important effect will be exerted on the synapse of that pathway. For

example, xerostomia during treatment of hypertension with a gan-

glionic blocking compound will be due to an action of the drug

exerted on the parasympathetic ganglion.

The ganglionic synapse in both the sympathetic and the para-

sympathetic system is cholinergic and both types of ganglia can be

excited by acetylcholine. The muscarinic effect of this agent on the

salivary glands is, however, so pronounced that when ordinary

doses of acetylcholine are used to produce secretion, the concen-

tration required for a nicotinic effect is scarcely attained. This is

evidenced by the fact that the secretory effect of acetylcholine in

doses commonly used is not lowered by a ganglionic blocking agent.

The same seems to be true for tetramethylammonium. Burn and

Dale (191 5) found this compound to cause a marked secretion of

saliva in cats after intravenous injection. It was shown on various

structures to possess both muscarinic properties and to excite

ganglion cells ; but doses of nicotine sufficient to paralyse all gan-

glion cells hardly affected its action on the submaxillary gland.

Nicotine injected intravenously was found by Heidenhain (1872)

to cause a transient salivary secretion in dogs ; afterwards neither

stimulation of the chorda nor of the cervical sympathetic nerve

caused any secretory response. Langley (1890) confirmed this find-

ing and found that local application of nicotine to the chorda close

to the submaxillary gland likewise produced a temporary secretion
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with subsequent abolishment of the action of the chorda. Usually

the effect of chorda stimulation is only reduced but not completely

cancelled by nicotine applied to the hilum of the cat's submaxillary

gland since some synapses within the gland are not reached by the

drug.

Tetraethylammonium differs from nicotine in lacking the initial

stimulating effect on the ganglia of the salivary glands (Burn and

Dale, 191 5). The same is true for the more recent synthetic gan-

glionic blocking compounds. It is possible that curarine may have

some excitatory effect on the ganglia before paralysing them. Some-
times curarine may cause a small secretory response, not due to a

central action (Emmelin and Muren, io^oa). This may be the

cause of the secretion observed by Claude Bernard (1864) on in-

jection of curare into the artery of the submaxillary gland; he ex-

plained the effect as due to exclusion of an inhibitory influence

from the central nervous system.

PARASYMPATHOMIMETIC DRUGS

Parasympathomimetic drugs cause a secretion of saliva which

may be as rapid as that evoked by maximal stimulation of the para-

sympathetic fibres. This is best shown if the drugs are applied in

such a way as not to cause any general circulatory effects, for

instance, close arterially or through the salivary duct.

In its action on the gland cells acetylcholine closely imitates the

action of parasympathetic stimulation ; this can be seen in the elec-

trical responses, as shown with intracellular recording by Lund-

berg (1955). The effect of acetylcholine is apparently not only to

excite the cell but to increase its excitability to subsequent stimuli

as well (Beznak and Farkas, 1936-37). This fact very likely pro-

vides the explanation of the phenomenon of "true augmented

secretion" (Macintosh and Rawlinson, 1935). When the concen-

tration of acetylcholine is raised to a certain level the secretory

response tends to decline, as demonstrated by Graham and Stav-

raky (1953). At such a concentration these investigators found the

vascular effect of acetylcholine to change from dilatation to con-

striction, and this might be one of the causes of the diminished

secretory response ; but Graham and Stavraky think that in addi-

tion an inhibitory action on the gland cell is exerted by acetyl-

choline in high concentration. It would be interesting to study the

microelectrode response of gland cells to such concentrations.
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The ordinary vascular effect of acetylcholine in the salivary

glands is a vasodilatation. According to Hilton and Lewis (1955a

and b) this dilatation is functionally secondary to the effect on the

gland cells and is caused by bradykinin. In this respect the dilata-

tion resembles that caused by stimulation of the parasympathetic

fibres ; but it differs in being completely abolished by atropine. It

is not known whether acetylcholine in addition has a "direct"

vasodilator effect on the smooth muscles of the gland vessels.

The effects of acetylcholine and other secretory agents can also be

demonstrated by an increased uptake of oxygen in vitro (Deutsch

and Raper, 1938; Stromblad, 1957a).

Acetylcholine given intravenously has been shown to evoke a

secretion of saliva in man (Weiss and Ellis, 1934; Kern and Almy,

1952). For use in human beings, however, methacholine seems

preferable and it has been given by numerous investigators (Starr,

Elsom and Reisinger, 1933 ; Weiss and Ellis, 1934; Kern and Almy,

1952; Thaysen, Thorn and Schwartz, 1954; Diamant, Diamant

and Holmstedt, 1957). Dameshek and Feinsilver (1937) suggested

that mecholyl should be used as a diagnostic test in patients sus-

pected of having a poisoning due to belladonna alkaloids; the

failure of appearance of salivation and other characteristic effects

would speak in favour of such a diagnosis. Pilocarpine has, like-

wise, been given to human beings to evoke secretion of saliva, for

instance, by Marshall (1904), Nyman (1942). Necheles and Levit-

sky (1936-37) injected a standard dose of pilocarpine subcutane-

ously and found it to cause a smaller response from the salivary

glands in peptic ulcer patients than in normal subjects.

It is not possible, within a limited space, even to enumerate more

than a small number of all the drugs possessing a parasympatho-

mimetic action on the salivary glands. Mention has already been

made of tetramethylammonium which causes a profuse secretion

abolished by atropine (Burn and Dale, 191 5). When y-crotonic

betaine, a pharmacologically relatively inert substance present in

animal tissues, is converted into the methyl ester, a substance

causing profuse and prolonged salivation is obtained (Burgen and

Hobbiger, 1949). Bicarnesine, another betaine derivative, has also

a secretory effect (Charlier, 1956). The effects of these various

drugs would be classified as "muscarinic" ; it is therefore gratifying

to learn that even chromatographically pure, crystalline muscarine,

prepared from Amanita muscaria, evokes a flow of saliva (Fraser,
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1957). This is true for synthetic muscarine also (Waser, 1958).

Some agents with a similar action will be discussed under the

heading
'

'miscellaneous agents" of this chapter.

Cholinesterase inhibitors increase the secretory effect of acetyl-

choline and parasympathetic stimulation; if the dose of acetyl-

choline, or the frequency of stimulation, is chosen so as to cause

submaximal responses the inhibitors may increase the rate of flow

of saliva ; otherwise their effect is to increase the duration of action

only. It is well known, however, that the anticholinesterases can

evoke a flow of saliva even if the parasympathetic fibres are not

stimulated and no acetylcholine injected, and this has been taken

as evidence for a continuous release of acetylcholine from the post-

ganglionic, parasympathetic terminals (see Chapter III). Two ob-

servations by Dirnhuber and Evans (1954) seem to be of particular

physiological interest in this connection. It is not possible to cause

an inhibition of the secretion, as can be done with large doses of

injected acetylcholine, by increasing the dose of the anticholin-

esterase ; the reasonable explanation is that the amounts of acetyl-

choline constantly released are not big enough for such an inhibi-

tion, even if the cholinesterase of the gland has been inactivated to

a great extent. Further, when the secretion caused by an anti-

cholinesterase has been stopped by a small dose of atropine, a

secretion cannot be started again by increasing the dose of the

anticholinesterase. Hence there is not the "mutual antagonism"

studied by Langley (1880) which makes it possible to restart a

secretion, caused by pilocarpine but stopped by atropine by giving

a bigger dose of pilocarpine. This second observation further

supports the view that the amount of acetylcholine released is

limited.

Anticholinesterases may increase the secretory effect not only of

parasympathetic, but sometimes of sympathetic stimulation also.

This can, however, not be used as evidence showing that there are

cholinergic sympathetic secretory fibres, as done by Seeker (1934).

This effect of the anticholinesterases can be regarded as analogous

to the augmenting action of previous chorda stimulation (Feldberg

and Guimarais, 1935).

As to the action of different cholinesterase inhibitors on salivary

secretion reference may be made to the following authors : Burgen,

Keele and Slome (1949); Fernandez and Vinoles (1949); Riker and

Wescoe (1949); Verbeke (1949); Dirnhuber and Evans (1954);
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Emmelin, Muren and Stromblad (1954); Wills and Somers (1956);

Stromblad (1957/;); Emmelin and Stromblad (1958).

PARASYMPATHOLYTIC DRUGS

It has already been emphasized that salivary secretion (caused

by parasympathetic impulses or parasympathomimetic drugs) is

easily blocked by atropine. Several investigators have found secre-

tion of saliva, usually induced by injection of pilocarpine or car-

bachol, to be a convenient test for the assay of atropine-like drugs

(Cushny, 1920; Nyman, 1942; Bulbring and Dawes, 1945; Brown

and Quinton, 1957). In the low concentrations required to an-

tagonize such secretion atropine has a specific parasympatholytic

effect and ever since the discovery of its antisialogogue action

(Heidenhain, 1872) it has been a useful tool in physiological and

pharmacological experiments on salivary secretion. It has, however,

certain drawbacks when used for such purposes. When the dose is

increased, the specificity of action is lost. Long ago, Langley (1878)

found that atropine could prevent the sympathetic from producing

a flow of saliva when the nerve was stimulated proximal to the

superior cervical ganglion, whereas postganglionic sympathetic

stimulation still caused secretion ; but even such stimulation became

ineffective if the dose of atropine was further raised. Similar obser-

vations were made by Carlson (1907). Atropine has apparently a

ganglionic blocking action which has been analysed by Konzett

and Rothlin (1953). In addition it has a more peripheral, sym-

pathetic blocking action in high concentration, abolishing the

secretory effect of postganglionic stimulation or injection of

adrenaline.

It may further be pointed out that atropine is less well suited

for chronic experiments because ofthe pronounced tolerance which

develops to this drug. This phenomenon may be illustrated on

salivary secretion in the following way. When a parasympatholytic

agent is administered repeatedly to a cat over a period of some

weeks, a supersensitivity to adrenaline develops in the submaxil-

lary gland, resembling that seen after section of the chorda; if

atropine is used as a blocking agent the dose has to be increased

successively (Emmelin and Muren, 1950ft). If the same small dose

of atropine is given for some weeks, the sensitivity first increases,

but then decreases again almost to the pre-treatment level (Em-

melin and Macintosh, 1955).

p.s.g.—

G
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Numerous substitutes for atropine are available, some even more
potent in parasympatholytic action or even more long-acting than

atropine, some lacking the disadvantages discussed above. Scopol-

amine blocks secretion of saliva more strongly than atropine.

N-methylation of atropine or scopolamine further increases the

blocking effect. Methylscopolamine, for instance, blocks secretion

of saliva, induced by pilocarpine in man, very effectively (Nyman,

1943). Judging from sensitization experiments the tendency to in-

creasing tolerance is much less with this drug than with atropine

(Emmelin, i960). The same is true for the synthetic drug Ho-9980

(piperidinoethyldiphenylacetamide), the parasympatholytic pro-

perties of which were first investigated by Schaumann and Lindner

(195 1
). This agent very strongly and specifically antagonizes the

effect on the salivary glands of parasympathetic stimulation (Em-
melin and Henriksson, 1953; Emmelin and Stromblad, 1957). A
great number of benzilic esters of alkamines have been studied as

atropine substitutes by Ing, Dawes and Wajda (1945); the pro-

nounced antisecretory actions of some of them have been investi-

gated by Bulbring and Dawes (1945). Another potent inhibitor of

salivary secretion is dibutoline (dimethyl-ethyl-/?-hydroxyethyl-

ammonium sulphate di-w-butyl-carbamate), studied by Feather-

stone and White (1945), Peterson and Peterson (1945) and Biggins

(1948).

Many drugs used therapeutically for various purposes produce

a dry mouth as a side-effect because of a more or less pronounced

parasympatholytic action. This is true of Methanthelin and related

substances (Zupko and Prokop, 1954) and many of the antihist-

amines, for instance, diphenhydramine (see Anderson and Em-
melin, 1947). In therapeutic doses such agents may depress salivary

secretion because of this peripheral action and through a general

sedative and an antiemetic effect. Barbiturates may likewise inter-

fere with the secretion of saliva by several different actions (Stav-

raky, 1931; Montgomery, 1935; Emmelin, 1941; Brahammar and

Emmelin, 1941 ; Guimarais, Malafaya-Baptista, Garrett and Oss-

wald, 1955). For instance, in a cat, anaesthetized with hexobar-

bitone, there is no flow of saliva, and the secretory response to

sympathetic or parasympathetic stimulation or injected acetyl-

choline may be greatly reduced, whereas the response to adrenaline

is unaffected.
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SYMPATHOMIMETIC AGENTS

Salivary secretion is not one of the more conspicuous effects of

sympathomimetic agents. Chang (1937) compared the sensitivity of

different effectors to adrenaline in cats and gave the following order

of susceptibility: blood-sugar, blood pressure, denervated heart,

nictitating membrane, stomach, iris, hair and salivary gland.

In general the sympathomimetic drugs are much less effective

than the parasympathomimetic in producing secretion of saliva.

This is probably parallel to the fact that the sympathetic inner-

vation is much less complete than the parasympathetic one. Glands

which respond well to sympathetic stimulation, such as the sub-

maxillary gland of the cat, do so to injected sympathomimetic

agents also ; exceptional submaxillary glands of the cat which do

not react to sympathetic stimulation are not stimulated by adren-

aline either. The secretory responses of the cat parotid gland are

small both when the sympathetic is stimulated and adrenaline is

injected (Stromblad, 1955). In rabbits, conversely, the parotid but

not the submaxillary gland responds well to adrenaline and sym-

pathetic stimulation (Nordenfelt and Ohlin, 1957). When the sub-

maxillary gland of a cat is relatively sensitive to adrenaline, so that

doses causing too disturbing vascular effects can be avoided, it can

be seen that adrenaline and sympathetic stimulation cause the same

maximal rate of secretion.

Adrenaline can be shown to cause a secretion from the submaxil-

lary gland in man ; the drug has to be given through the salivary

duct in order not to produce any general effects (Emmelin and

Stromblad, 1954).

On the gland cells adrenaline imitates the effect of sympathetic

stimulation, as seen in the microelectrode responses (Lundberg,

1955). In this connection it may be mentioned that one striking

difference between sympathetic and adrenaline saliva seems to

exist; after injection of adrenaline, glucose appears in the saliva.

This is generally not the case when the sympathetic nerve is

stimulated (Hebb and Stavraky, 1936).

A series of sympathomimetic amines can be arranged, in order

of decreasing secretory activity on the submaxillary gland, as fol-

lows: adrenaline, noradrenaline, synephrin, ephedrine, paredrinol,

isoprenaline, amphetamine (Emmelin and Muren, 1951). The last

five drugs not only cause a secretion but also in some way increase
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the secretory effect of adrenaline and, particularly, of noradrenaline.

A similar, sensitizing effect is exerted by cocaine. If a suitable dose

of cocaine is injected through the salivary duct, it can be seen that

the secretory effect of parasympathetic and sympathetic stimulation

is abolished because of a local anaesthetic action, the effect of

injected acetylcholine is unchanged but the response to injected

noradrenaline increased.

Among the sympathomimetic agents, tyramine is of particular

interest in this connection. It causes a secretion from the submaxil-

lary gland of the cat which decreases with repeated doses and which

is abolished by previous extirpation of the superior cervical gan-

glion; it is therefore assumed to act not directly on the receptors

of the gland cells but through some indirect mechanism (Strom-

blad, 1956).

The sympathomimetic amines may also affect salivary secretion

through their action on the blood vessels. In Chapter VII the

inhibition of salivary secretion resulting from sympathetic vaso-

constriction will be discussed. Adrenaline, for instance, decreases

the flow of saliva produced by chorda stimulation, particularly if

the rate of secretion is high. It has been pointed out by Dirnhuber

and Evans (1954) that adrenaline may also cause anoxia and further

reduce a secretion in the gland because of its metabolic effect.

SYMPATHOLYTIC AGENTS

The early investigations on the actions of ergot by Dale (1906)

showed that this drug can abolish the secretory effects of adrenaline

and sympathetic stimulation on the submaxillary gland of the cat

while the effect of chorda stimulation is retained. The sympatho-

lytic effect on the salivary glands exerted by ergotamine was shown

by Yonkman (1933). Dibenamine, likewise, antagonizes the secre-

tory effect of sympathetic stimulation on the submaxillary gland

;

the effect of chorda stimulation may in addition be slightly reduced,

probably secondary to a fall in blood pressure (Uvnas, 1948).

The motor effect of sympathetic stimulation on the salivary

glands is abolished by ergotamine (Babkin, 1929). The vasodilata-

tion, accompanying salivary secretion in response to sympathetic

stimulation, is abolished by agents which annul the secretion, as

discussed in Chapter VII. The sympathetic vasoconstriction is

often abolished too, for instance, by dihydroergotamine or antistin.

With some drugs, however, it is possible to separate constriction
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on one hand from secretion and dilatation on the other (Emmelin,

1955). A suitable dose of chlorpromazine may preferentially abolish

the secretion and dilatation, one of priscol, the constriction.

Bretylium abolishes the secretory and constrictor effects of sym-

pathetic stimulation (Emmelin and Engstrom, i960).

MISCELLANEOUS AGENTS

Potassium. A few mg of potassium chloride injected close arteri-

ally into the submaxillary gland of a cat may have a slight secretory

effect. The response is considerably increased by eserine and is due

to local liberation of acetylcholine in the gland by the potassium

(Feldberg and Guimarais, 1936).

Barium. When studying the contractile mechanism of the sali-

vary glands which can be activated by sympathetic stimulation,

adrenaline or histamine, Stavraky (1932) examined the action on

the glands of barium. Contrary to what was expected, the action

of barium was secretory in effect. This was increased by eserine

and abolished by atropine. In some cases the response was not

completely annulled by atropine. This might perhaps indicate that

the secretory effect was partly due to adrenaline released from the

suprarenals, for the doses causing secretion were apparently not

far below a lethal level.

Mercury. Mercurial ptyalism is well known and many attempts

have been made to reveal its mechanism. Several possibilities have

to be taken into account. The hypersalivation may be secondary to

the stomatitis and elicited reflexly from the mouth. Mering (1881)

found, however, in animal experiments that mercury can cause a

flow of saliva even if no stomatitis is present and suggested an

action either centrally or on the secretory nerves. As to the first

possibility, it has been shown (Morgan and Johnson, 1930) that

injection of mercury chloride into the tuber cinereum-region in

dogs causes excessive salivation. The peripheral actions of mercury

on the submaxillary gland of dogs have been studied by Melville

(1930). He found mercury chloride to increase the effect of chorda

stimulation but not of injected pilocarpine and assumed an action

on the chorda endings. In this connection it is interesting to ob-

serve that mercury compounds have been found to increase the

action of vagus stimulation on the heart and the intestinal motility

(Salant and Brodman, 1929a and b). A reasonable hypothesis might

be that mercury acts by inhibiting cholinesterase. This would be
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compatible with the fact that it increases the effect of chorda

stimulation but not that of pilocarpine and with the statement in

the early literature that atropine abolishes the secretion caused by

mercury salts.

Histamine. Dale and Laidlaw (1910) found that histamine causes

secretion of saliva in cats and dogs. This effect has been studied by

many later investigators; the result of this work has been sum-

marized by Babkin (1950). Generally it may be said that fairly big

doses of the drug are required to cause a slight secretion of saliva,

compared with those eliciting a fall in blood pressure, contraction

of plain muscle and secretion of gastric juice. Several different

mechanisms may be at work. The central effects of histamine have

already been mentioned. The ability of histamine to release adren-

aline should perhaps also be kept in mind. In addition, histamine

has apparently a double peripheral effect. It contracts those ele-

ments which expel saliva from the glands and it has a true secretory

effect on the gland cells. The latter, but not the former, action is

abolished by atropine. Dale and Laidlaw described the secretory

effect as being of the pilocarpine type and pointed out that both

agents possess an imidazole ring; it may be added that another

imidazole derivative, naphazoline (privine), has been found to have

a slight secretory effect, which is abolished by atropine (Yonkman,

Rennick and Schwerma, 1945).

Nitrogen mustards. Investigations during the last war, only in

part published in the open literature, disclosed that protracted

salivation is a prominent symptom after lethal doses of nitrogen

mustards. The peculiar type of secretory response obtained after

an injection of meihyl-bis (2-chloroethyl) amine (HN2) into the

carotid artery of cats have been described by Hunt and Philips

(1949), who have also quoted earlier investigations in this field.

Shortly after the injection of the drug saliva starts to flow from the

submaxillary gland. The secretion soon ceases and during a period

of about five minutes there is no flow. Salivation is then resumed

and gradually attains a maximal rate at which it continues for

hours. When atropine is administered before the HN2, salivation

is prevented. However, if atropine is given after the initial appear-

ance of salivation, even as early as in the interim between the two

phases of salivation, it fails to alter the delayed response.

As to the mechanism responsible for the secretion the following

observations have been made. Nitrogen mustards cause a pro-
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nounced excitation of the central nervous system. They have

muscarine-like actions, demonstrated on the blood pressure and

the pupil, and nicotine actions on sympathetic ganglia as shown on

the nictitating membrane and, after atropine, on the blood pres-

sure. In vitro experiments show that they can inhibit acetylcholine

esterase.

Esterase inhibition, however, cannot be the cause of the saliva-

tion, for a normal activity of the enzyme was found in a gland that

had responded to HN2. Central or sympathetic ganglionic effects

cannot be the main causes, since the flow is obtained after acute

section of the chorda and removal of the superior cervical ganglion.

A muscarinic action seems to be mainly responsible for the sali-

vation. In the strange two-phase response and in the lack of

atropine antagonism in the second phase (if the atropine is not

given early) nitrogen mustard differs from the ordinary muscarine-

like drugs. Hunt and Philips assume that even the second phase of

secretion is due to a reaction between the drug and "cholinergic

receptors"; this reaction, when it has once taken place, is not

antagonized by atropine. Alternatively, it has been suggested that

the agent excites the gland cells "directly" (Gaddum and Foss).

Obviously, the mechanism of action is obscure and warrants further

study (Hunt and Philips, 1949).

Secretagogne substances in saliva. According to Demoor (19 13)

saliva contains agents which are able to stimulate secretion from

the salivary glands. Guimarais (1932, 1936a and b, 1938) and

Guimarais and Tavares (1942a and b) have further studied the

secretory activity of saliva. When saliva is injected into the artery

of the submaxillary gland an abundant secretion is evoked. The

agent causing this effect is not identical with that which on intra-

venous injection lowers the blood pressure, i.e., kallikrein. It has

been suggested that the chemical transmitters of the secretory

nerves or injected secretory drugs, cause the release of the secre-

tory agent from an inactive state ; the agent then acts on the gland

cells to cause a flow of saliva. When considering this agent as a

general, ultimate mediator for salivary secretion it must be kept in

mind that its secretory effects are abolished by atropine. Further

experiments seem required to throw light on the possible physio-

logical role of this interesting agent.
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CHAPTER V

SPONTANEOUS SECRETION OF SALIVA

The digestive functions of saliva necessitate a regulatory mechan-
ism which can adapt the secretory rate and the composition of

the saliva during a meal to the amount of food and its chemical

and physical properties. The reflex control of salivary secretion

described in Chapter XII is responsible for this function. Attempts

have been made to demonstrate the existence of a complementary

hormonal control similar to that acting on the gastric or pancreatic

gland cells. Sacks and Kim (1929), in apparent analogy with the

classical experiments of Bayliss and Starling (1902) and Edkins

(1906), injected extracts of oral mucosa of the dog intravenously.

No secretion of saliva was obtained. The short period of time

which the food spends in the mouth seems to make a nervous

rather than a hormonal control mechanism suitable. The paralytic

secretion described in Chapter VI offers an example of a salivary

secretion brought about by hormones; but it is obtained only

under exceptional laboratory conditions when large amounts of

adrenaline and noradrenaline are released from the suprarenal

medulla to act on salivary gland cells, sensitized by previous para-

sympathetic denervation.

Non-digestive functions of the saliva, particularly that of keep-

ing the mucosa of the mouth and throat moist, seem to make a

more or less continuous activity of at least some salivary glands

necessary. This may also be attained reflexly, the dryness of the

mucosa acting as a stimulus. There is, however, in addition the

possibility that gland cells may be secreting permanently even in

the absence of extraglandular stimuli. Apparently some glands of

the alimentary canal possess this innate ability of secretion. For

such a type of secretion Babkin (1950) used the term spontaneous

secretion, "the result of the inherent ability of the secretory cells

to elaborate and discharge a digestive juice; this process usually

goes on continuously, and is not initiated by impulses carried to

the gland cells along the nerves or by humoral regulators in the

blood although it may be increased or diminished by such agen-

cies". It seems appropriate to use the term in this sense and not

04
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simply as a synonym for continuous, permanent, basal or resting

secretion, as is often done. These terms say nothing about the

mechanism responsible for the secretory activity. Secretion des-

cribed by these words may be spontaneous; but it may also be

due to extraneous agents.

Some cases of spontaneous secretion. The French physiologist

Colin seems to have been the first to report that in the ox the

parotid differs from the submaxillary gland in secreting continu-

ously, even between meals (see Milne Edwards, i860; Colin, 1871).

The work of Ludwig and Claude Bernard had at that time estab-

lished that salivary glands stop secreting immediately after dener-

vation. Eckhard (1867), finding that the parotid gland of the sheep

shows a continuous secretion like that of the ox, tried to denervate

the gland by cutting all nerves in the vicinity of the gland. Even-

tually the gland was attached to the animal via the blood vessels

only; nevertheless, saliva was discharged. He described the secre-

tion as continuous and spontaneous. An additional observation

was that the parotid gland of the sheep continues to secrete for

more than 15 minutes after death, although at a decreasing rate

(Brettel, 1869). The peculiar arrangement of the cranial innerva-

tion of the parotid gland in oxen and sheep was unknown in those

days. Moussu (1888) discovered that the buccal nerve carries

secretory fibres for the gland along the salivary duct ; it was shown

that there is some flow of saliva even after section of this nerve

(Moussu, 1890; Eckhard, 1893). This type of secretion seems to be

characteristic of the parotid gland of ruminants ; the gland of the

horse, for instance, rests between meals (Colin, 1871; Ellenberger

and Hofmeister, 1887).

The sublingual gland of the cat offers another example of con-

tinuous salivary secretion (Emmelin, 1953). In the cat under chlo-

ralose anaesthesia there is no parotid or submaxillary secretion,

whereas the sublingual gland incessantly discharges small amounts

of saliva at a fairly regular rate. The flow is seen in decerebrate or

spinal preparations as well. Section of the parasympathetic and

sympathetic fibres of the gland does not affect the secretion al-

though stimulation of these nerves accelerates the flow (see Fig.

3.5). The secretion goes on after injection of a dose of atropine

which abolishes the secretory effect of chorda stimulation, or a

dose of dihydroergotamine which annuls the effect of sympathetic

stimulation. The flow continues at an unchanged rate in a gland
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removed from the body and perfused with blood from the carotid

artery via a system of tubing and cannulae or with plasma from a

motor-driven syringe.

In all these instances the permanent flow could be due to agents

carried to the gland in the plasma. It might be suspected that such

an agent could originate in some part of the alimentarv canal.

Experiments on eviscerated animals showed, however, that the

sublingual gland continues to secrete for many hours at the same

rate as before the operation. This possibility of a blood-borne

secretory agent is ruled out in experiments in which a flow is

obtained even when Tyrode solution is used as perfusion fluid.

Furthermore, it is possible to dissect out the gland, with the duct

cannulated, and keep this thin structure alive in a bath of heated

and oxygenated Tyrode solution. Saliva of the characteristic vis-

cous type continues to flow from the cannula for about two hours

at about the same rate as in the natural surroundings and the

secretion can be accelerated by the addition of pilocarpine to the

bath (Fig. 5.1). The constancy of the rate of flow, and the simi-

larity with the rate seen in vivo, seems to rule out the possibility

that the isolated gland does not secrete but merely expels saliva

accumulated in the ducts before the gland was excised.

The experiments described indicate that the sublingual gland of

the cat secretes spontaneously. This is not peculiar to the cat. In

the dog the denervated sublingual gland is in continuous secretory

activity (Emmelin, unpublished observation). Colin (1871) had,

in fact, been able to cannulate separately the sublingual duct of

the ox and observed a flow of saliva even between meals, a fact

which he found surprising, considering Claude Bernard's view

that the function of this gland is to facilitate swallowing by lubri-

cating the food. Very likely this secretion in the ox during periods

of digestive rest is at least partly a spontaneous process, although a

reflex activity has not been excluded experimentally.

It is interesting that in the rabbit, which lacks the glandula

sublingualis major, the submaxillary gland is in a state of low

continuous secretory activity even after denervation or the injec-

tion of atropine or dihydroergotamine (Nordenfelt and Ohlin,

1957).

Probably the small salivary glands of the oral mucosa behave like

the sublingual gland. When saliva from the big glands is drained

off from the mouth, small amounts of thick saliva drain into the
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bath of the mouth and can be seen on swallowing in the oeso-

phagus of the horse, ox and sheep (Colin, 1871; Ellenberger and

Hofmeister, 1887; Scheunert and Krzywanek, 1930). It has been

found that biopsy specimens of human palatine mucosa or pieces

005-
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Section of Moussu's nerve in the sheep was found to diminish but

not abolish the flow; a constant flow of about 0-3 ml. per minute

was maintained. This was the case after section of the cervical

sympathetic, facial and auriculo-temporal nerves, or after large

doses of atropine given into the carotid artery. Likewise, there

was a secretion after evisceration and from a perfused gland.

Fig. 5.2 shows that the continuous flow can be increased -reflexly

or by stimulation of Moussu's nerve and is reduced to a low,

constant level by denervation.

Whether there is a spontaneous secretion of saliva in human
beings is difficult to state. A continuous flow between meals has
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5.2. The rate of saliva flow from the right and left parotid glands of a

sheep under cyclopropane anaesthesia.

(Coats, Denton, Coding and Wright, 1956.)

often been reported. Lashley (191 6), for instance, usually observed

a secretion from the parotid gland, although in some subjects,

when particularly quiet, the flow ceased for some minutes. The
term "resting secretion" has been used to mean a secretion which

occurs in the absence of any obvious external stimulus (Spealman,

1943). It is clearly difficult to exclude the reflexly evoked secretion,

caused by the devices used to collect the saliva. Observations on

patients with an accidental fistula of the salivary duct are, there-

fore, of particular interest. In such persons Zebrowski (1905)

found no secretion from the parotid gland between meals. He
quotes an observation by Mitscherlich (1832) according to which

a patient with a parotid fistula had a very scanty flow of saliva
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during sleep, 07 g during 9 hours, whereas during a meal 74-5 g
were produced in some minutes. Later investigators have likewise

tried to reduce or abolish the reflexly evoked activity by studying
the glands during sleep (Schneyer, Pigman, Hanahan and Gilmore,

1956). Under such conditions no flow was found from the parotid

gland. Sublingual and submaxillary secretion, investigated in one
subject only, was very slow, much smaller than that obtained in a

"resting" state. A reasonable way of eliminating the influence of

the central nervous system would be to give parasympatholytic or

ganglionic blocking agents. No such systematic investigations to

see whether there is a spontaneous secretion in man seem to have

been carried out. Nyman (1942), studying the efficiency of various

parasympatholytic drugs, observed apparently no parotid secretion

after the administration of such agents. Using a method in which a

compound for making dentures was allowed to set slowly in con-

tact with the palate, Ostlund (1953) could record a flow of saliva

from the palatine glands, seen as small pits in the material. A
continuous flow of saliva was obtained, partly at least no doubt

due to reflexes elicited mechanically. After administration of atro-

pine, no impressions were obtained in the material. The setting

of the compound took place, however, in a few minutes and a

small remaining secretion would probably not be revealed. The
observations by the same investigator on biopsy preparations of

palatine mucosa, quoted above, suggest the existence of some

spontaneous flow from the palatine glands.

The function of spontaneously secreted saliva. A spontaneous flow

of saliva from some glands would provide a basal secretion to keep

the mucous membranes of the mouth and throat moist, for instance,

during sleep. With increased demands, for instance, during meals,

during speech or in some animals for thermoregulatory purposes,

reflex secretion can be superimposed upon the spontaneous flow.

In ruminants, the continuous secretion of strongly alkaline parotid

saliva apparently is of importance for the maintenance of the

optimal reaction of the gastric contents.

The mechanism of spontaneous secretion. Experiments on tissue

cultures of gastric or intestinal mucosa suggest that secretion of

mucus may occur spontaneously (Florey, 1930, 193 1; Florey,

Wright and Jennings, 1941). Similarly, the mucous cells of the

sublingual gland and of the small salivary glands may be endowed

with the ability of secreting even in the absence of extraglandular
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stimuli. This is, however, apparently not a property common to

all mucous cells. The mucous cells of the cat's submaxillary gland

which are very similar electrophysiologically (Lundberg, 1957) and

histologically to those of the sublingual gland, do not secrete

spontaneously. Furthermore, some serous cells of salivary glands

show a spontaneous secretion, for instance, those of the parotid

glands of ruminants, whereas others do not. Examples of spon-

taneous secretion can in fact be found in different species in all

types of salivary glands, as exemplified above.

When a preparation of the cat or dog submaxillary and sublin-

gual glands is perfused with eserinized plasma, small amounts of

acetylcholine can be detected in the venous effluent even when
the parasympathetic nerve is not stimulated (Emmelin and Muren,

1950). This is the case even when the gland has been acutely

denervated and the perfusion fluid contains curarine (Fig. 3.2).

It might be suggested that the "spontaneous" secretion is due to

acetylcholine continuously released locally in the sublingual gland.

Such a mechanism, similar to that responsible for the "paroxys-

mal secretion" described in Chapter VI, does not seem likely,

however, since the spontaneous secretion is not abolished by

atropine.

In order to support the view that the continuous sublingual flow

of the cat is a true spontaneous secretion, it may be pointed out

that this secretion differs in several respects from that caused by

agents acting on the secretory cell via some receptor mechanism

(Emmelin, 1953). In the isolated sublingual gland it continues even

when the gland has ceased to respond to secretory agents added to

the bath. A further difference may be illustrated in the following

way. If a continuous secretion is brought about in the submaxillary

gland by injection of pilocarpine or ephedrine, the threshold dose

of some other agent such as adrenaline is found to be very much
lowered and the gland is extremely sensitive to this agent. The
spontaneous sublingual secretion apparently lacks this effect, for

the threshold dose of adrenaline, required to accelerate the flow,

is high and of the same order of magnitude as that of a normal

submaxillary gland. Further, more or less continuous activity in

the submaxillary gland, caused by repeated injections of pilocar-

pine, prevents the development of a supersensitivity to chemical

agents which normally follows denervation ; the spontaneous sub-

lingual secretion, on the other hand, has not this effect. These
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various observations indicate that there is a fundamental difference

beween the continuous sublingual secretion and a secretion evoked

by extrinsic agents.

Spontaneous secretion is certainly not due to a high permeability

of the gland cells resulting merely in filtration of fluid. Several

arguments can be adduced against such an assumption. The sub-

lingual gland of the cat is able to secrete against a pressure of

about 1 5 cm of water ; this is true even if the gland is isolated in

Tyrode solution. The flow occurs at a fairly constant rate against

different counter-pressures in the salivary ducts. Similarly, great

variations in arterial blood pressure affect the rate of flow very little

and a perceptible flow has been found as late as 45 minutes after

death. The very viscous saliva even from an isolated gland re-

sembles very little a simple filtrate of plasma. The finding that

cyanide stops the flow indicates that metabolic processes are neces-

sary for the continuous secretion. This effect is obtained within

a few minutes in a perfused gland. It can be demonstrated on the

isolated gland, also, as shown in Fig. 5.1.
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CHAPTER VI

EFFECTS OF DENERVATION

Complete denervation affects the salivary glands seriously. Some
glands, it is true, which are endowed with the ability of sponta-

neous activity, continue to secrete at a slow rate just as they did

with the nerves intact ; shortly after postganglionic parasympathe-

tic denervation a transient secretion of peculiar, "paroxysmal" type

may be observed and under exceptional conditions some of the

denervated glands may show a "paralytic secretion". But with

these exceptions the denervated glands do not discharge any

saliva. In all glands the ability to adapt the activity to the

functional requirements is lost, for there is no hormonal control

mechanism left, as in the denervated pancreas, for instance ; and

there is no evidence to show that there are local reflexes, as in

the lower part of the alimentary canal, through which the struc-

tures can be activated after section of the extrinsic nerves. Function

is, in fact, usually as impaired in the salivary glands as in skeletal

muscles after denervation. As in skeletal muscle an atrophy occurs

with marked histological changes and a pronounced supersensitiv-

ity to chemical stimuli develops. The chemical composition of the

glands is affected; particularly changes in the activity of certain

enzymes have been investigated, in connection with studies of

the mechanism of the supersensitivity.

The fact that the parasympathetic nerve supply of the salivary

glands is much more important than the sympathetic supply is

apparent from denervation experiments. Structural and functional

changes are particularly serious after section of the parasympathe-

tic fibres, as will be shown below.

STRUCTURAL CHANGES

Claude Bernard (1864) observed that the submaxillary gland

diminishes in size after section of the chorda tympani, and this

has been confirmed by numerous later investigators (Bidder, 1867;

Heidenhain, 1868; Langley, 1885a; Bradford, 1888; Maximow,

1901; Chang and Gaddum, 1933; Macintosh, 1937; Emmehn,

Jacobsohn and Muren, 195 1 ; Stromblad, 1955*). The gland seems
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gradually to lose about 30 per cent of its weight in the course of

some weeks. It is interesting to find that a similar, or even more
pronounced, atrophy occurs after hypophysectomy or adrenalec-

tomy (Kahlson and Renvall, 1956).

The atrophy following section of the chorda is reversible ; after

regeneration of the chorda fibres the gland regains its previous

weight (Emmelin, Muren and Stromblad, 19570). It has been

observed that many changes in the gland due to section of the

chorda can be prevented or abolished by prolonged administra-

tion of a secretory agent such as pilocarpine (Emmelin and Muren,

19500, 195 10, 1952; Emmelin, Jacobsohn and Muren, 1951). From
figures given by Stromblad (19560 and b) it appears that this is

true for the atrophy also. A continuous secretion due to sponta-

neous activity, however, does not prevent the atrophy following

section of the chorda in the sublingual gland (Emmelin, 19530).

Many of the changes characteristic of a denervated gland can

be reproduced in a normally innervated gland by long-continued

treatment with a parasympatholytic agent like atropine. It is a

puzzling fact, however, that no atrophy seems to follow such

treatment (Emmelin, Jacobsohn and Muren, 1951 ; Stromblad,

19560 and b). This may be connected with the fact that atropine

does not entirely abolish the effects of the chorda, since a raised

metabolism and vasodilatation can persist.

Section of the chorda on one side affects the contralateral gland

also; it increases somewhat in size (Emmelin, Jacobsohn and

Muren, 1951).

An atrophy has been observed in the parotid gland following

destruction of the preganglionic, parasympathetic fibres (Bradford,

1888). In the investigation of Stromblad (19550) the atrophy of

the parotid gland after pre- or postganglionic denervation seemed

to be relatively small.

Sympathetic denervation is not followed by atrophy in the sub-

maxillary and parotid glands (Bradford, 1888; Stromblad, 1956c).

After extirpation of the superior cervical ganglion there may even

be a slight increase in the weight of the glands. Whether this is due

exclusively or at least to some extent to a greater content of blood

following the loss of vasoconstrictor tone has not been investigated.

The microscopic picture of the submaxillary gland following

section of the chorda shows a decrease in size of all structures of the

gland except the connective tissue which seems to increase in
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amount. Changes in the demilune cells, the alveolar cells and the

striated ducts give the gland a characteristic picture, which has

been examined by many investigators, e.g. Heidenhain (1868),

Langley (18856), Krause (1897), Maximow (1901), Gerhardt (1903),

Rawlinson (1935a and b). Similar histological changes are found

in a normally innervated gland of an animal treated for some time

with atropine. When the treatment is discontinued the gland re-

gains its normal histological appearance. The changes brought

about by prolonged atropinization are thus reversible. This is true

also for those obtained after section of the chorda, for after treat-

ment with pilocarpine for a few days the picture of a gland, whose

chorda had been cut in advance, is fairly normal (Emmelin,

Jacobsohn and Muren, 1951).

CHEMICAL CHANGES

Little is known of the changes in chemical composition which

occur in a salivary gland after denervation. Systematic investiga-

tions have concerned mainly the activity of cholinesterase and

amine oxidase (Stromblad, 19550, 1956c and d). Because of the

pronounced atrophy resulting from parasympathetic denervation

it is necessary to calculate the activity both per total gland and as

a concentration. The results of Stromblad's work may be sum-

marized briefly as follows.

The total activity of cholinesterase, mainly due to true choline-

sterase, and of amine oxidase, decreases on preganglionic, para-

sympathetic denervation on about 30 or 40 per cent. This corre-

sponds approximately to the loss in weight. Postganglionic,

parasympathetic denervation (carried out in parotid glands) has

a more striking effect on the cholinesterase; the total amount is

reduced by about 55 per cent, the concentration about 50 per cent.

The amine oxidase, on the other hand, is less affected by this

operation.

Extirpation of the superior cervical ganglion does not reduce the

amine oxidase activity. Indeed in the parotid gland there may be

an increase.

It may be added that in the absence of nerve section treatment

with a parasympatholytic agent reduces the amine oxidase activity

but does not affect the cholinesterase activity. In a parasympa-

thetically denervated gland treatment with pilocarpine tends to

restore the activity of the two enzymes.
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The activity of the kallidin- (or bradykinin-) forming enzyme
kallikrein diminishes in the submaxillary gland and in saliva

secreted in response to adrenaline when the chorda has been cut

(Emmelin and Henriksson, 1953). With the atrophy of the submaxil-

lary gland caused by ligation of the duct a reduction in the content

of protease and amylase, of indophenol oxidase, succinic dehydro-

genase and acid phosphatase occurs (Junqueira, 1951). It- seems

particularly important to compare the activity of respiratory en-

zymes in normal and denervated glands in the light of the interest-

ing finding that secretion of saliva in a denervated gland occurs

with a smaller increase in oxygen consumption than in a normal

gland ; this has been shown both in vivo and in vitro, using chopped

salivary glands (Stromblad, 1957*2, 1959). Recently it has been

demonstrated that parasympathetic denervation reduces the activity

of succinic dehydrogenase, fumarase and cytochrome oxidase in

salivary glands (Nordenfelt, Ohlin and Stromblad, i960). This

fact may account for the decrease in maximal secretory capacity

which is seen after section of the chorda (Emmelin, Malm and

Stromblad, i960). Investigations on the composition of saliva

secreted by denervated glands in response to chemical stimuli

seem, also, highly desirable.

The finding of Chang and Gaddum (1933) that the acetylcholine

content of the salivary glands decreases after parasympathetic

denervation has been discussed in a previous context. Similarly,

the content of adrenaline and noradrenaline has been found to

diminish on sympathetic denervation (v. Euler and Purkhold,

CHANGES IN SENSITIVITY TO CHEMICAL STIMULI

Denervation of the salivary glands causes a supersensitivity to

chemical agents, in agreement with Cannon's law of denervation.

It was shown by Maevsky (1923) and Fleming and Macintosh

(1935) that when the chorda had been cut in advance, the sub-

maxillary gland was more sensitive to adrenaline than normally.

Removal of the superior cervical ganglion was found by Simeone

and Maes (1939) to give rise to a supersensitivity in the gland.

Later investigators have mainly studied the submaxillary gland of

cats and dogs (Pierce and Gregersen, 1937; Wills, 1942; Emmelin
and Muren, 1950&, 195 \a, 1952; Graham and Stavraky, 1951,

1954; Emmelin, 1952a; Emmelin and Stromblad, 1953; Dim-
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huber and Evans, 1954) but observations have also been made on
the parotid gland (Stromblad, 19556; Nordenfelt and Ohlin, 1957)
and the sublingual gland (Emmelin, 1953*2).

These various investigations show that supersensitivity can be

produced by parasympathetic and by sympathetic denervation,

that the supersensitivity of one type resembles that of the other

but is usually much more pronounced in the former, and that one

supersensitivity can be superimposed upon the other.

Fig. 6.1. Supersensitivity to adrenaline after section of the chorda tympani in a

cat under chloralose anaesthesia.

From above : Drops of saliva from the right submaxillary gland. The right chorda cut two weeks

previously. Drops from the left, innervated gland. Intravenous injection of adrenaline in doses of

1-20 //g/kg. Times in minutes (Emmelin, unpublished).

Fig. 6.1 shows the effect of different doses of adrenaline, in-

jected intravenously, on the submaxillary gland two weeks after

section of the chorda, and on the contralateral intact gland. Many

of the characteristics of the hypersensitivity are shown in this

figure. It can be seen that denervation lowers the threshold. A
moderate dose of adrenaline causes a bigger response, because the

rate of secretion is increased and the gland secretes for a longer

period. When a big dose is given, causing secretion at a maximal

rate, however, the flow is not quicker from the denervated than

from the innervated gland; it may be somewhat slower, because

of the atrophy of the decentralized gland.

Supersensitivity develops gradually; it can first be detected

after two or three days, and reaches its maximum after two or
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three weeks. In order to study the development of supersensitivity,

the level of sensitivity can be estimated repeatedly with intervals

of some days using the following method: A cat is anaesthetized

with a short-acting barbiturate, fine glass cannulae are introduced

from the mouth into the salivary ducts and secretory agents such

as adrenaline, acetylcholine or mecholyl are injected into the heart.

Supersensitivity following parasympathetic or sympathetic de-

nervation is unspecific and can be shown for almost all agents

which cause a secretion from the normal gland, e.g. adrenaline,

noradrenaline and other sympathomimetic drugs, acetylcholine

and other cholinesters, and pilocarpine. Statements to the contrary

in the early literature seem mostly to be due to the fact that the

doses of the drugs tested were too big; the maximal secretory

rate of the denervated gland is not bigger than that of the normal

gland but may, on the contrary, be smaller because of atrophy.

Furthermore, it must be kept in mind that the denervated gland

seems to be more readily exhaustible, and that secretion may be

more easily inhibited in a denervated than in a normal gland by a

big dose.

There are, however, undoubtedly some exceptions to the general

rule. After postganglionic parasympathetic denervation anticho-

linesterases cause a very small secretion only, as shown in Fig. 3.8.

A reasonable explanation is that these drugs act, wholly or mainly,

by preserving acetylcholine released from the postganglionic fibres

and therefore lose their secretory activity when these fibres have

degenerated. Similarly, after postganglionic sympathetic denerva-

tion tyramine has no secretory effect, suggesting some indirect

mode of action of this drug in the normal gland (Stromblad,

1956^). After preganglionic parasympathetic denervation, on the

other hand, the glands are supersensitive both to anticholine-

sterases and tyramine.

According to the law of denervation preganglionic section ought

to sensitize not only the gland cells, but the postganglionic neurone

also; further, postganglionic section ought to sensitize the gland

cells more than preganglionic section. On the whole, the salivary

glands fulfil these requirements. After section of the chorda the

dose of nicotine needed to evoke a perceptible secretion is smaller

than in a normal gland, showing that the parasympathetic ganglion

cells have been sensitized (Emmelin, 19536). The gland cells are

usually more sensitized after post- than after preganglionic dener-
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vation. This is found when the effect of acetylcholine is studied on

the parotid gland (Stromblad, 19556). Complete parasympathetic

postganglionic denervation of the submaxillary gland cannot be

carried out, since many of the synapses are situated within the

gland; but even after a partial denervation the gland is found

to be more supersensitive to acetylcholine and adrenaline than

after section of the preganglionic chorda fibres (Emmelin,

1960a). Extirpation of the superior cervical ganglion is followed

by a distinct supersensitivity in the submaxillary gland, whereas

there is scarcely any sensitization at all after section of the

preganglionic sympathetic fibres (Emmelin and Engstrom, i960).

The exceptions to the law which anticholinesterases and tyramine

form have already been discussed. A further exception is the fact

that adrenaline has a bigger secretory effect on the parotid gland

after pre- than after postganglionic parasympathetic denervation

(Stromblad, 19556). The explanation for this has recently been

found (Ohlin and Stromblad, 1958) in the fact that the vaso-

constrictor effect of adrenaline is greater after post- than after

preganglionic denervation, i.e. the vessels react according to

Cannon's law, but since large doses of adrenaline are required to

cause a secretion from the parotid gland, vasoconstriction will tend

to reduce the secretion, and particularly after postganglionic

denervation.

The hypothesis has been put forward that the sensitization is

due to lack of secretory impulses (Emmelin and Muren, 19500

and b; Emmelin, 1952a and 6, 19606). The following observations

may be quoted in support of this view. Administration of a gan-

lionic blocking agent for some weeks sensitizes the submaxillary

gland to a level similar to that produced by chorda section (Emme-

lin, 1959). Parasympatholytic agents, likewise, cause a supersen-

sitivity. If the flow of secretory impulses to the gland is reduced by

section of some of the afferent fibres of the gustatory reflex arc, a

supersensitivity ensues. Administration of secretory agents like

pilocarpine, carbamylcholine or adrenaline for some days abolishes

the supersensitivity created by denervation. When hypoglossal

fibres after cross-suture have reinnervated the gland via the

chorda, and secretion is elicited whenever tongue movements are

intended, the supersensitivity caused by section of the chorda

diminishes. Section of the preganglionic sympathetic fibres does

not cause any supersensitivity in the submaxillary gland, as it does
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in the nictitating membrane, and an intact sympathetic trunk does

not at all counteract the development of the chorda supersensi-

tivity. The nictitating membrane is constantly activated via the

sympathetic fibres; the salivary glands, on the other hand, are

activated mainly via the parasympathetic fibres. If, however, the

traffic of impulses for the gland via the sympathetic is greatly in-

creased by reinnervating the gland from the hypoglossal nerve via

the sympathetic fibres the chorda supersensitivity is found to de-

crease (Emmelin, Muren and Stromblad, 19576). All these obser-

vations seem to be compatible with the concept that supersensitivity

is a consequence of lack of secretory impulses, from the central

nervous system under ordinary conditions, or via the blood in

the experiment when secretory agents are injected.

Such a hypothesis cannot, however, provide the whole explana-

tion. It does not account for the fact that section of postganglionic

parasympathetic neurones, or treatment with suitable parasym-

patholytic drugs, causes a higher supersensitivity than does section

of the preganglionic parasympathetic fibres or treatment with a

ganglionic blocking agent. Nor does it explain the fact that excision

of the superior cervical ganglion, but not preganglionic sympathetic

denervation, produces a supersensitivity—a supersensitivity that

can be superimposed upon that produced by section of the pre-

ganglionic, or even postganglionic parasympathetic fibres. In

order to account for these facts it seems necessary to assume that

there is a continuous release of the transmitter from the postgan-

glionic endings, as discussed on page 63 ; and that this leakage,

although it causes no secretion, is able to counteract, to some

extent, the development of supersensitivity (see Emmelin, 19606).

Hence, preganglionic denervation, or treatment with a ganglionic

blocking compound, should cause a supersensitivity because the

gland is deprived of transmitter, released by the nerve impulse.

Postganglionic denervation, or treatment with a parasympatholytic

agent, should cause a greater supersensitivity because in addition

no leaking transmitter acts on the gland cells. In the sympathetic

system this latter factor may be the main one; removal of the

superior cervical ganglion therefore causes a moderate super-

sensitivity only.

It seems reasonable to assume that the process of sensitization

is related to some part of the receptor region rather than to the

secretory mechanism. The continuous influence of the postgan-
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glionic neurone, revealed by a supersensitivity when the fibres

are removed or prevented from acting by means of an antagonistic

drug, does not manifest itself in secretion. A further argument

may be that the activity of the secretory mechanism which appears

as a spontaneous secretion, not elicited via the receptors, is not

affected by denervation and whereas a more or less continuous

activity evoked over a long period by injected agents such as

pilocarpine prevents the development of the denervation super-

sensitivity, the spontaneous secretion lacks that effect (Emmelin

1953a). It should be kept in mind, on the other hand, that the

sensitization is non-specific. When the gland cell is deprived of

the action of acetylcholine, for instance, it becomes supersensitive

not only to acetylcholine but to adrenaline as well. The sensitiza-

tion process, therefore, does not seem to take place in that part

of the mechanism activating the secretory machinery which is

responsible for the specificity of action of the stimulating agents

and where the specific antagonists work.

The next problem concerns the nature of the changes in the

receptor region which occur when the impingement of transmit-

ters is reduced or abolished and no related agents, able to react with

the receptors like the transmitters, are administered. These changes

develop gradually to reach their maximum after two or three weeks.

They are reversible ; when pilocarpine is administered to a dener-

vated gland, or a long-lasting treatment of a normal gland with a

parasympathicolytic agent is discontinued, normal conditions are

restored within a few days. No connection has so far been detected

between the changes responsible for the supersensitivity and

changes seen in the microscope after denervation. More attention

has been paid to the chemical alterations which take place in the

gland when nerves are cut; in particular, changes in the activity

of enzymes which limit the action of secretory agents have been

studied. The "enzyme hypothesis" applied to the salivary glands

has been discussed by Stromblad (1956J, 19576), who estimated

the sensitivity to different drugs, and the activity of cholinesterase

and amine oxidase, after denervation and after treatment with

pilocarpine or an atropine-like drug; further, he made comparisons

between the secretory responses after denervation and after acute

administration of anticholinesterases. From this work it is apparent

that there is as yet no general, clear-cut relation between sensitiza-

tion and activity of the enzymes studied. There are some suggestive
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facts. For instance, preganglionic parasympathetic denervation of

the parotid gland causes a diminished cholinesterase activity and

an increased acetylcholine sensitivity; after postganglionic section

the enzyme activity is further reduced and the sensitivity further

raised. After excision of the superior cervical ganglion, however,

there is a supersensitivity to acetylcholine but no detectable change

in esterase activity. It is not easy to explain the sensitization to

agents resistant to the action of enzymes, for instance pilocarpine

or corbasil, on the basis of the enzyme hypothesis. The work is

furthermore hampered by our defective knowledge of the physio-

logical mode of elimination of the sympathetic transmitter. So far,

no experiments have been carried out on the effect of denervation

on the methylating enzyme recently assumed to be engaged in the

breakdown of the transmitter molecule.

SECRETION AFTER DENERVATION

Although the salivary gland, disconnected from the central ner-

vous system, does not usually show any secretory activity (if not

secreting spontaneously) it may under certain conditions enter into

activity. It still responds to injected secretory agents, and usually

even more readily than the normal gland, as discussed above.

Agents released into the circulation may under special circum-

stances attain a concentration high enough to excite the sensitized

gland cells. It is known, for instance, that in asphyxia the hor-

mones of the adrenal medulla may cause a secretion from a dener-

vated gland. The phenomenon of paralytic secretion can probably

be explained in a similar way. Secretion may occur for some days

in a denervated gland while the cut postganglionic parasympathetic

neurone is degenerating (the "paroxysmal salivary secretion").

Paralytic secretion. Some days after section of the chorda tym-

pani in a dog Claude Bernard (1862, 1864) discovered a flow of

saliva from the decentralized submaxillary gland, a "paralytic

secretion". In order to explain this puzzling phenomenon Bernard

assumed that the chorda normally exerts an inhibitory action on

the gland cells. A number of other explanations have been pro-

posed by later investigators (for literature see Emmelin, 1952a:).

Fleming and Macintosh (1935) suggested that the secretion is in

some way connected with the supersensitivity to sympathetic

impulses and adrenaline which follows section of the chorda.

Recent experiments indicate that the paralytic secretion is not
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constantly going on as generally assumed, but appears only under
certain conditions which involve a sympathetic hyperactivity, and
particularly an increased liberation of the hormones of the adrenal

medulla (Emmelin and Muren, 1950a and 195 ib\ Emmelin, 1952a
and b). Hence, two conditions have to be fulfilled for the paralytic

secretion to appear: there must be a pronounced supersensitivity

of the gland cells, and a considerable release of adrenaline and
noradrenaline. The paralytic secretion would thus have the same
mechanism as "paradoxical pupillary dilation" and be related to

"pseudomotor contractures". This theory is based on the following

facts

:

1. A pronounced supersensitivity is required. There is no para-

lytic secretion when removal of the superior cervical ganglion has

created its fairly modest degree of supersensitivity. In animals

in which section of the chorda causes a moderate sensitization

only, the paralytic secretion is slow. No secretion is obtained until

the sensitization is discernible, i.e. two or three days after cutting

the chorda ; the rate of flow then increases with the level of sensi-

tivity, to reach its maximum after two or three weeks. If the

chorda supersensitivity is further raised by removal of the superior

cervical ganglion or acute injection of cocaine, the paralytic flow

increases. In a normally innervated gland, treated for some time

with a parasympathicolytic agent, a rapid paralytic secretion can

be elicited; it can further be accelerated by the injection of cocaine.

If the hypersensitivity of a gland, the chorda of which has been

cut in advance, is abolished by treatment for some days with

pilocarpine, no paralytic secretion can be evoked.

2. Adrenaline and noradrenaline from the suprarenals cause the

paralytic secretion. No secretion is obtained unless the release of

the hormones is greatly increased. Therefore, paralytic secretion

is not seen in chloralose anaesthesia. It is found, however, in

morphine anaesthesia, which is known to increase the output from

the suprarenals. This explains why early investigators, such as

Heidenhain, Bidder, and Langley, who used morphine, observed

a paralytic secretion whereas later workers, studying the dener-

vated submaxillary gland using modern anaesthetics, do not men-

tion a paralytic flow. The denervated parotid gland, which is rela-

tively insensitive to adrenaline, shows no paralytic secretion; the

denervated submaxillary and sublingual glands, highly sensitive to

adrenaline, do. Removal of the suprarenals abolishes the paralytic

P.S.G.—

I
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flow. So does the acute injection of sympathicolytic agents such

as dihydroergotamine, whereas an acute injection of atropine does

not affect the flow.

Some of the observations quoted above are illustrated in Fig. 6.2.

In two cats the chorda was sectioned, and 13 days later an acute

experiment was carried out. One cat was anaesthetized with mor-

phine; a slow paralytic secretion was found from the denervated

Chloralose

Morphine

Fig. 6.2. Paralytic secretion.

Secretion from right submaxillary glands of two cats 13 days after chorda section, one under
chloralose (uppermost line of records), the other under morphine anaesthesia (second line from
above). Time: minutes. Lowest line: signal. In both cats all branches of the right common carotid
tied except the artery of the gland. Venous blood from each gland drained off from cannula in the
jugular vein after all venous branches except those of the gland had been ligated. Between the two
sections of the tracing a crossed circulation was established, blood flowing from central part of
right carotid of one cat into peripheral stump of right carotid of the other cat. 2 and 5 are doses
of adrenaline, /ig/kg, into the femoral vein of the chloralose cat. At the arrow the adrenals of the
morphine cat were removed (Emmelin, 1952).

gland. The other animal was given chloralose; no secretion was

found. A cross-circulation was then established so that arterial

blood from the morphine cat perfused the denervated gland of the

chloralose cat, and vice versa; after having passed the glands the

blood was not allowed to enter the circulation of the recipient

animals but was drained off through the cut submaxillary veins.

The effect of this procedure was that the paralytic secretion of the

morphine cat ceased, and instead a rapid flow started in the chlora-

lose cat. Intravenous injection of adrenaline into the chloralose cat
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before the cross-circulation showed that the gland of this cat had

been highly sensitized by the denervation. Similar injections into

the same animal, during cross-circulation, disclosed that the gland

of the morphine cat happened to be less sensitized by the denerva-

tion. When the suprarenals of the morphine cat were removed

during cross-circulation, the paralytic secretion stopped in the

gland of the chloralose cat. From such an experiment it can be

inferred that no paralytic secretion is obtained in chloralose anaes-

thesia, even if the gland is highly sensitized; that secretion is

obtained in morphine anaesthesia; that the paralytic flow is due to

some blood-carried agent, derived from the suprarenals, and that

the rate of flow depends on the level of sensitivity.

Antilytic secretion. During his investigations on paralytic secre-

tion Heidenhain (1868) observed a flow of saliva from the normally

innervated submaxillary gland, contralateral to the "paralytic"

gland, a phenomenon which he considered "altogether inexplic-

able". It was slower than the paralytic secretion. Langley (1885a

and b) observed such a flow also and coined the term antiparalytic

or antilytic secretion.

It may be tempting to try to find an explanation for this pheno-

menon similar to that given above for the paralytic secretion. Both

Heidenhain and Langley used morphine anaesthesia in their ex-

periments, and consequently the concentration in the blood of the

hormones of the suprarenal medulla was high. The sensitivity of

normal glands to adrenaline shows very great individual variations,

as does that of a denervated gland; it might be that an exceptionally

sensitive normal gland can be excited by the adrenaline of the

blood in morphine anaesthesia. Apart from that, the following

explanation may be suggested (Emmelin, 1956). Unilateral section

of the afferent fibres from the tongue causes a supersensitivity in

both the submaxillary glands, probably by reducing the secretory

impulses to the gland. Heidenhain denervated the gland by cut-

ting the chorda-lingual nerve; important afferent fibres from the

tongue were thus cut beside the secretory fibres, and a certain

degree of supersensitivity can be supposed to have ensued in the

contralateral gland. This could explain his antilytic secretion,

smaller than the paralytic flow because the supersensitivity was not

so pronounced as after section of the chorda.

Langley, however, did not cut the chorda-lingual nerve but the

chorda. His "antilytic" glands were therefore not sensitized by
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partial afferent denervation, unless it be assumed that the chorda

contains some afferent fibres from the gland, section of which

causes some supersensitivity in the contralateral gland. Hence, a

final explanation of the antilytic secretion is still lacking.

Paroxysmal secretion. This is a type of secretion which like the

paralytic and antilytic secretion, can be seen after denervation

(Emmelin and Stromblad, 1957, 1958). It differs from these

types of secretion in several respects. It is obtained from the

parotid gland (of the cat) and is seen in chloralose anaesthesia. It

70 mm
Normal

Post 1 day

Minutes

Fig. 6.3. Paroxysmal secretion.

Record of drops from the parotid glands of a cat under chloralose anaesthesia. Left auriculo-
temporal nerve cut 24 hours before. In each set of tracings, top line, secretion of right gland, no
secretion; middle line, secretion of left, denervated gland; bottom line, time (minutes). The
lower tracings are immediate continuations of the upper ones (Emmelin and Stromblad, 1958).

does not occur after preganglionic, but only after postganglionic

denervation and then only during the initial stages of nerve de-

generation. It seems to have nothing to do with hypersensitivity

or adrenaline release.

When the auriculo-temporal fibres have been cut the paroxys-

mal secretion can be seen after one to three days. The salivary

flow is not continuous. Periods of secretory activity, in some ex-

periments lasting for several hours, sometimes for only ten

minutes, alternate with periods of varying length in which there

is no flow of saliva. This is illustrated in Fig. 6.3, which shows three

consecutive periods of activity one day after postganglionic para-

sympathetic denervation of a parotid gland. From the contralateral,
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normal gland there was no flow of saliva. This is the ordinary

finding in cats under chloralose anaesthesia.

During a period of activity the flow is not constant in rate but

occurs in bursts, and this type of secretion has therefore been

termed "paroxysmal". A drop forming slowly at the tip of the

cannula in the parotid duct can be seen to increase suddenly in

size and sometimes to fall quickly; after a short time the flow

subsides and the drop forms slowly again until another sudden

burst occurs. The start of a paroxysm is in most instances readily

discernible, and it can then be seen that the bursts appear at

remarkably regular intervals, usually of about one minute.

When the auriculo-temporal nerves are divided at the same time

on both sides one to three days in advance it is found that the

paroxysmal secretion of one gland occurs independently of that of

the other. This suggests that the secretion results from local events

rather than from general changes, such as in the composition of

the blood. Cocaine injected into the duct towards the gland in a

dose which does not affect the secretory response to intravenous

acetylcholine abolishes the paroxysmal secretion. It can therefore

be concluded that the secretion is of nervous origin. Since it is

increased by eserine and abolished by atropine, the nerves con-

cerned must be assumed to be cholinergic. It is reasonable to sup-

pose that the secretion is caused by some activity in the degenerat-

ing postganglionic fibres. It might be supposed that bursts of im-

pulses originating from the cut ends of the nerves elicit the paro-

xysms of secretion. This is, however, disproved by the findings

that the secretion is not abolished when a piece of the degenerating

nerve stump is cut off in an acute experiment nor when a local

anaesthetic is applied to the stump. A possible explanation may be

that a leakage of acetylcholine, normally occurring at a regular

rate from the postganglionic parasympathetic terminals, during

degeneration of the fibres occurs less regularly, in bursts, so that a

concentration of acetylcholine is sometimes reached which is big

enough to cause a secretion.
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CHAPTER VII

BLOOD FLOW AND SECRETION

The intimate relationship between the supply of blood and the

production of saliva will be the subject of the present chapter. The
following examples may serve as illustrations of the problem.

Stimulation of the chorda tympani in cats and dogs causes a lively

secretion and a vasodilatation in the submaxillary gland. Stimula-

tion of the sympathetic of dogs causes a scanty flow of saliva from

this gland, richer in organic material than chorda saliva. The pre-

dominant vascular response is constriction. In cats, on the other

hand, there is usually an abundant flow of saliva, more dilute than

chorda saliva, and vasodilatation replaces or alternates with con-

striction. Is the secretory activity during chorda stimulation re-

sponsible for the intense vasodilatation, or is it the excitation of

vasodilator fibres, simultaneously with the secretory fibres, which

makes the rapid, steady flow of saliva possible? Are the vasomotor

fibres of the dog's sympathetic exclusively constrictors, which by

an intense action prevent the secretion of anything but a small

amount of concentrated saliva, and is the lively secretion of dilute

saliva in cats rendered possible by the existence of specific vaso-

dilator fibres in the sympathetic; or is the secretory innervation

more extensive in the cat's gland than in the dog's, and is there-

fore a vasodilatation, secondary to the secretion, more marked in

the former species?

Generally it may be said that differences in composition and

amount of parasympathetic and sympathetic saliva cannot be due

solely to vascular factors. On the contrary, it seems highly prob-

able that even the single salivary cell can deliver samples of saliva

of different composition according to the nature of the transmitter

acting upon it, and with the same supply of blood. There is, on

the other hand, no doubt that variations in the flow of blood may

affect the rate of secretion and the chemical composition of the

saliva obtained. The amount of blood available is judged either

from the arterial inflow into the gland or, more often, from the

venous outflow. It would, of course, be more important to know

the quantities of blood placed at the disposal of the different

121
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components of the secretory apparatus under various conditions.

Unfortunately, little is known about this, much less than in the kid-

ney. Arteriovenous anastomoses have been found in the salivary

glands (Holzlohner and Niessing, 1936; Spanner, 1937, 1942). It has

been assumed that the striking increase in blood flow during chorda

stimulation is mainly due to the opening up of these anastomoses,

and that in the capillaries of the activated secretory alveoli the

blood may even stagnate (Holzlohner and Niessing, 1936). The
latter statement has, however, been disputed (v. Brucke and

Zwiauer, 1938). It may be that when the stimulation of the chorda

starts, the flow of blood in these vessels momentarily slows down
or even stops because fluid is lost to the saliva, and possibly also

because the capacity of the vascular bed is suddenly increased

through the activity of vasodilator nerves. Further work on the

role of the arteriovenous anastomoses of the salivary glands is

desirable. Some knowledge of the distribution of the blood within

the parotid gland of the dog has recently been gained by Burgen

and Seeman (1957). From studies on the iodide clearance of that

gland these investigators concluded that the rate of blood flow

through the capillaries enveloping the ducts is very high and that

the blood perfusing the ducts also perfuses the acini through a

portal system. For the present, however, it seems necessary to

resort to estimations of the total flow of blood through the gland

when investigating the effect of variations of the blood supply on

the secretion.

In the following the various types of vasomotor fibres assumed

to innervate the salivary glands will be discussed separately; in the

different sections examples of the interaction between secretion

and blood flow will be given.

SYMPATHETIC VASOCONSTRICTORS

The presence of sympathetic vasoconstrictor fibres for the sali-

vary glands has been recognized since the time of Claude Bernard.

In his classical experiments on the blood flow through the sub-

maxillary gland of the dog (1858) he demonstrated that the venous

blood emerging from the gland turned brighter and flowed quicker

when the sympathetic trunk was cut in the neck; a permanent vaso-

constrictor tone in the gland was thus discovered. When the peri-

pheral stump of the nerve was stimulated the blood became dark

and the flow decreased or ceased completely.
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In many glands the effect of sympathetic stimulation can be

seen directly on the exposed gland. When the nerve is excited the

gland loses its rosy colour and becomes pale. In some glands, such

as the submaxillary gland of the cat, the constriction is usually not

maintained on continued stimulation. The same is true for the

secretory response, as discussed in Chapter III. In Fig. 3.7 it was
shown that the vanishing of the secretory effect to some extent was

due to the vasoconstriction, since it could be postponed by block-

ing the constrictor action with priscol; but the main reason for

the cessation of the secretion was probably shortage of mediator

at the high rate of stimulation mostly used. Such a mechanism
cannot explain the interruption of the constriction on continued

sympathetic stimulation. It is closely related to the secretory

response ; when this has died away the constriction may reappear.

In the dog submaxillary gland, in which the secretory effect of

sympathetic stimulation is much smaller than in the cat, the con-

striction is much better retained. The secretory effect may be

abolished in the cat by the administration of chlorpromazine in

suitable dose (Emmelin, 19550); the vasoconstriction is then more

pronounced and can be maintained for a long time. The ordinary

disappearance of the constriction in the cat submaxillary gland,

therefore, seems to be the result of a strong vasodilator action

accompanying the secretion. If the sympathetic trunk is stimulated

at a low frequency, the secretory response is small and a well-

maintained constriction is obtained, similar to that kept up in the

gland with an intact sympathetic supply.

The constriction elicited by sympathetic stimulation is counter-

acted by the vasodilatation produced by chorda stimulation, even

in the presence of atropine. In some cases no constriction can

then be seen ; it may be possible, in those instances, to get a con-

striction by abolishing the vasodilator component of the sym-

pathetic by injecting chlorpromazine. Usually, however, the sym-

pathetic is able to exert some constrictor effect during chorda

stimulation. The effect of constriction on the salivary flow in-

duced by chorda stimulation when no atropine is present can

then be studied. It is shown in Fig. 7.1 which summarizes experi-

ences made by numerous investigators. Stimulation of the chorda

causes a quick flow of saliva and a marked vasodilatation. When

sympathetic stimulation is added, the flow of blood diminishes,

and the secretion as well. Some early investigators have taken such
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Fig. 7.1. The effect of diminished blood supply on submaxillary secretion

evoked by chorda stimulation at maximal rate.

Two different experiments are shown, the first three sections of the tracing being from one cat,

and the two last sections from another. Records of blood flow (lowermost) and secretion (above)
using ordinate recorders. Time marks: minutes. C marks the point where chorda stimulation
starts to continue for the rest of the period shown in each section.

First section: Between the two marks of the signal the peripheral stump of the right vagus was
stimulated.

Second section: The carotid artery was clamped.
Third section: Sympathetic stimulated.
In the second experiment the chorda was stimulated for the whole period shown. The first

signal marks the injection of 0-2 I.U. of pitressin, and the second 03 I.U. given close arterially

via the lingual artery (Emmelin, 19556).

results as evidence for the existence of inhibitory secretory fibres

in the sympathetic. That this is not so, but that the decreased

secretion is secondary to the reduced supply of blood, is indicated

by the fact, shown in the figure, that various other procedures

which diminish the flow of blood through the gland have a similar

effect on the rate of secretion. It might be suggested that the re-

stricted flow in these instances favours the accumulation of acetyl-

choline to a concentration, sufficient to exert an inhibitory effect

on the gland cells (Graham and Stavraky, 1953) but it seems more
reasonable to assume for instance lack of water for secretion or of

oxygen as the decisive factor. The ''inhibitory" action of sym-

pathetic stimulation on the secretion is particularly easily obtained

when the gland is secreting at a maximal rate.

In this connection an observation made by Denton (1957) is of

particular interest. When a sheep supplied with a permanent paro-

tid fistula was taken out of its cage and gently secured upon its

side on the laboratory table the secretion from the parotid gland
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could be seen to stop completely for a considerable time. A con-

tributing factor might be a central inhibition, reducing the flow of

parasympathetic secretory impulses. This could, however, not

cause a complete cessation of the flow of saliva, since the parotid

gland of the sheep secretes spontaneously, even after denervation.

The effect was largely abolished by extirpation of the superior

cervical ganglion, and since the main effect of sympathetic stimu-

lation on the sheep's parotid gland is a vasoconstriction (when the

motor fibres have exerted their expelling action) the phenomenon

must be interpreted as due chiefly to a sympathetic vasoconstric-

tion. Vasoconstriction may thus affect salivary secretion even in a

non-anaesthetized animal under fairly physiological conditions.

PARASYMPATHETIC VASOCONSTRICTORS

Although the ordinary vascular effect of chorda stimulation is a

very striking vasodilatation, some investigators have made obser-

vations from which they have inferred that the nerve contains

vasoconstrictor fibres. Frohlich and Loewi (1906) found in decere-

brate cats that stimulation of the chorda diminished the venous

outflow from the submaxillary gland provided that sodium nitrite

had been given intravenously or amyl nitrite into the trachea ; this

effect was abolished by atropine. Their conclusion was that the

nitrites in some way put the dilator fibres of the chorda out of

action and that thereby the presence of constrictors can be revealed.

Dale (1930) repeated the experiment and saw the same effect of

chorda stimulation after nitrites, contrary to Bayliss (1908a); he

found it unlikely, however, that the nitrites would have a specific

action on the vasodilators, since lowering of the vascular tone by

other means, such as hyperventilation or injection of histamine

affected the chorda response in the same direction as nitrites. The

diminished venous outflow during chorda stimulation under these

conditions could, according to Dale, be accounted for by loss of

fluid from the blood to the saliva. The observation that the pheno-

menon was not found after atropine was, of course, compatible

with this explanation also.

Carlson, Greer and Becht (1907), studying the effect of restricted

blood supply on the composition of chorda saliva, had in fact

observed that chorda stimulation was followed by a diminished

venous outflow when the artery of the submaxillary gland was

compressed. This effect was, however, not explained as an action
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of vasoconstrictor fibres but attributed to loss of water into the

saliva and particularly to the action of vasodilator fibres ; with a

restricted arterial flow the first effect of the lowered arteriolar

tone would be to diminish the venous outflow.

Experiments by Graham and Stavraky (1953) show, however,

that under certain conditions a vasoconstriction can be obtained on

chorda stimulation. Whether a dilatation or a constriction will be

obtained when the chorda is excited depends, according to these

investigators, on the concentration of acetylcholine acting on the

vessels. A small dose of acetylcholine, injected intra-arterially to-

wards the gland, causes a dilatation, a big dose constriction. When
eserine has been given, even a small dose of acetylcholine could

cause a constriction. Similarly, after eserine or a big dose of acetyl-
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Fig. 7.2. Reversal of the response of the submaxillary gland of a cat to stimu-
lation of the chorda tympani (Ch.T.) by the intra-arterial injection of eserine.

In A stimulation resulted in vasodilatation and secretion, in B, 2 minutes after eserinization,

stimulation led to vasoconstriction and a reduced secretorv response (Graham and Stavraky,

1953)-
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choline, chorda stimulation may diminish the venous outflow.

Fig. 7.2 shows one of the experiments of Graham and Stavraky.

Stimulation of the chorda increased the venous outflow before,

but decreased it after the intra-arterial injection of eserine. The
"reversal" was particularly marked when the blood pressure was

low. Nevertheless, the diminished venous outflow could not be

due to the factors discussed by Carlson et al. and by Dale, for

control experiments showed that the arterial inflow was similarly

diminished. The effect was therefore attributed to a vasoconstric-

tion, and numerous instances of other organs in which acetyl-

choline causes dilatation in low, and constriction in high concen-

tration, were quoted from the literature.

It may thus be said that it is possible to elicit a vasoconstriction

by stimulating the chorda ; but there is little evidence to show that

the chorda contains nerve fibres, the normal function of which is

to cause a vasoconstriction. The fibres causing the constriction in

the experiments of Graham and Stavraky may have been the sec-

retory fibres, or fibres which ordinarily cause vasodilatation, or

both.

PARASYMPATHETIC VASODILATORS

When Claude Bernard (1858) instilled some vinegar into the

mouth of a dog he observed that the dark blood emerging from

the submaxillary gland quickly became brighter ; this he assumed

to be due to a gustatory reflex, the efferent pathway being the

chorda tympani, since the response was not obtained when that

nerve had been cut. Stimulation of the distal end of the cut nerve

gave the same change in colour, and when the vein of the gland

was cut open it could be seen that the blood flowed at a much

higher speed and could even show pulsations. The effect of the

chorda stimulation was obviously to dilate the vessels of the gland

to such an extent that the blood passed into the veins "sans perdre

l'impulsion cardiaque".

When the rate of blood flow was measured, chorda stimulation

was found to cause a fourfold increase. Some later investigators

have described a much bigger augmentation. The outcome prob-

ably depends, among other things, on whether the sympathetic

constrictor tone has been abolished or not. Even when the sym-

pathetic has been cut, chorda stimulation will cause a considerable

increase in the blood flow. The chorda, on the other hand, seems
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to exert no permanent dilator action in the gland, at least in the

anaesthetized animal, for section of that nerve does not diminish

the flow of blood, even when the sympathetic constrictors are

intact.

Ever since the experiment described, Claude Bernard has been

regarded as the discoverer of a special type of nerve fibres, the

vasodilators, and his experiment has belonged to the classroom

demonstration repertoire, to show the action of such fibres. Never-

theless, the presence of dilator fibres in the chorda has repeatedly

been questioned and is not considered as established by all inves-

tigators. The complicating factor is, of course, the secretion of

saliva which is obtained concomitantly with the vasodilatation on

stimulation of the chorda. It was early suggested that the vasodila-

tation might be secondary to the secretion, caused by metabolites

^^jpossessing a vasodilator activity.

The discovery that a vasodilatation can still be elicited when the

secretion has been suppressed by atropine (Heidenhain, 1872)

seemed to afford convincing proof of the existence of special vaso-

dilator fibres until the investigations of Barcroft and his co-workers

(Barcroft, 19 14) disclosed that stimulation of the chorda may in-

crease the metabolism of the gland even under these conditions.

Barcroft came to the conclusion that the dilatation in the submaxil-

lary gland of the cat which appears during or after sympathetic

stimulation is exclusively secondary to the secretion, a "functional

dilatation". It was reasonable to assume a similar mechanism at

work when the chorda is stimulated. Anrep and Cannan (1922)

found chorda stimulation to raise the blood-sugar consumption of

the submaxillary gland even after administration of a dose of

atropine which abolished the secretory response.

Henderson and Loewi (1905) noticed that atropine diminishes

the dilatation caused by chorda stimulation and suggested that the

dilatation is in part due to some substance developed by the active

salivary cells. Bayliss (1923) admitted that production of metabo-

lites may aid in the dilatation observed during chorda stimulation

but maintained that specific vasodilator fibres also contribute to

the dilation. In support of this view he quoted Barcroft's figures in

which he could find no correlation between the degree of dilata-

tion and the increase in oxygen consumption. "Thus, a 109 per

cent increase in the latter coincides with a 488 per cent increase in

the former in one case, while, in another case, a 50 per cent
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increase coincides with an increase in rate of blood flow in 812 per

cent; that is, larger dilatation with a less consumption of oxygen."

Recently Stromblad (1959) has, like Barcroft, found an increased

oxygen consumption on stimulation of the chorda when the secre-

tory response had been entirely prevented by atropine ; there was

no positive correlation between this increase and the increase in

blood flow.

As a further argument suggesting that the chorda may supply

the gland with vasodilator fibres, Bayliss pointed out that stimu-

lation of the chorda causes a vasodilatation in the tongue even if the

oxygen consumption is not increased (Anrep and Evans, 1920).

Dale and Gaddum (1930) accepted the view that the chorda

contains vasodilators both for the tongue and the submaxillary

gland and concluded that these fibres are cholinergic. Experiments

by Bain (1933, 1936) and by Feldberg (1933) showed that acetyl-

choline is released in the tongue on stimulation of the chorda

fibres. The fact that the dilatation in the gland, contrary to the

secretion, was not abolished by atropine, whereas both actions

elicited by injected acetylcholine were abolished, was supposed by

Dale and Gaddum to be due to a release of the acetylcholine at the

vasodilator endings in such great "intimacy with the receptive

mechanism that atropine cannot prevent its access thereto".

In their investigations on the chemical transmission in the sub-

maxillary gland Henderson and Roepke (1933) suggested another

mode in which the vasodilatation could be secondary to activity in

the secretory nerves. They found chorda stimulation to cause a

release of acetylcholine even in the presence of atropine and

pointed out that the vasodilatation obtained might be due to the

transmitter diffusing from the terminals of the secretory fibres. In

view of the fact that atropine abolishes the dilator effect of injected

acetylcholine, this explanation seems rather unlikely.

On the other hand, Beznak (1934) who, likewise, demonstrated

the release of acetylcholine in the submaxillary gland when the

chorda was stimulated, postulated the existence of cholinergic

vasodilator fibres and raised the question whether the secretion

might be evoked by acetylcholine from the vasodilators. He came,

however, to the conclusion that there are separate secretory and

vasodilator fibres in the chorda. This view was based on the

observation that secretion and dilatation could be elicited inde-

pendently in the submaxillary gland of the dog. In the beginning

P.S.G.—

K
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of an experiment vasodilatation could be produced by weak stimu-

lation of the chorda which did not cause any secretion. The
experiments by Chauchard and Chauchard (1929) showing a dif-

ferent chronaxie for the secretory and the dilator response were

quoted. Beznak made, in addition, some degeneration experiments

and found that using stimuli of low intensity it was possible to get

a secretion without dilatation when the chorda had been cut 3-9

days earlier.

The latter observation may seem surprising, for some kind of

"functional dilatation" would be expected. As to the finding that

vasodilatation could be elicited without secretion using a low

intensity of stimulation this may be an analogy to the atropine

experiment. It is conceivable that there are secretory fibres of dif-

ferent excitability, that activation of a small number of fibres by a

weak stimulus may excite the gland cell (as shown in the electrical

response, by Lundberg), without causing any secretion, and that a

certain degree of summation, temporal or spatial, is required for

the secretion to start. It would be interesting to repeat these experi-

ments measuring the oxygen consumption of the gland at the

same time. In order to accept the evidence for special vasodilator

fibres it seems necessary to be able to elicit a pure vasodilator

response, without any alterations in the secretory cells.

A possible approach might then be to try to elicit a reflex vaso-

dilatation in the gland (when the cervical sympathetic trunk has

been cut). Bayliss (19086) found that a vasodilatation could be

obtained in the submaxillary gland, after section of the sympathetic

fibres, by stimulating the central end of the contralateral vagus.

However, this cannot be used as an argument in the present dis-

cussion, since a secretion of saliva was sometimes obtained as well.

Furthermore, Barcroft (19 14) found that in those experiments in

which he was able to obtain this reflex, there was at the same time

an increase in the oxygen consumption of the gland. On the whole

it seems improbable that it would be possible to elicit a reflex

vasodilatation via the chorda without stimulating the gland cells

even if vasodilator fibres do exist in it ; for it is generally agreed

that the function of parasympathetic vasodilators is to meet the

local need for blood rather than to participate in general circula-

tory adjustments. The intimate connection between secretory and

vasodilator fibres was illustrated in an investigation by Corbin,

Harrison and Wigginton ( 1 94 1
). These authors studied the "pseudo-
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motor contracture" in the tongue after previous section of the

hypoglossal nerve. In order to elicit the contracture they stimulated

the intramedullary portion of the seventh nerve and the reticular

matter close to it, using a concentric bipolar electrode. Contrac-

tures were always accompanied by marked salivation ; the glandular

blood flow was not measured, but that of the tongue was recorded

and found to increase at the same time. Judging from these experi-

ments it seems unlikely that it would be possible to separate

secretory and vascular effect by intramedullary stimulation.

A remarkable contribution to the discussion concerning the

vasodilatation in the submaxillary gland was made by Ungar and

Parrot (1936) in a paper, which apparently did not attract much
attention at the time of its publication. These authors studied the

vasodilator activity of saliva, then recently discovered and inves-

tigated by several research workers (Bellis and Scott, 1933;

Seeker, 1934; Feldberg and Guimarais, 1935; Gibbs, 1935; Lar-

son, 1935). Ungar and Parrot found the activity to be due to kal-

likrein, described by Frey and Kraut (1928). Werle and Roden

(1936) came to the same conclusion. The French investigators

launched the hypothesis that kallikrein "jouait le role d'interme-

diaire chimique dans la vasodilatation locale" during stimulation

of the chorda.

Our knowledge of the vasodilatation in the submaxillary gland

has been greatly widened by a series of investigations by Hilton

and Lewis (1955a and b, 1956). They found that the injection of

botulinum toxin into the gland abolished simultaneously the secre-

tory and vasodilator responses to chorda stimulation. Since this

agent is assumed to paralyse preferentially cholinergic fibres they

concluded that non-cholinergic fibres are not concerned in the

vasodilatation. So far, their opinion is in agreement with that of

Dale and Gaddum. Further experiments, however, led them to the

conclusion that the agent causing the vasodilatation is not acetyl-

choline, set free from dilator fibres, but some more stable agent,

produced or released in connection with the activity in the gland,

even in the presence of atropine. Fig. 7.3 shows one of their

experiments. It is apparent from this figure that the vasodilatation

on stimulation of the chorda can be delayed by arterial occlusion

;

the same is true for the dilatation produced by injected acetyl-

choline. Venous occlusion, on the other hand, delays the dilator

response only when the lymph drainage has been blocked. From
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these experiments it was concluded that the dilatation following

chorda stimulation or injection of acetylcholine is caused by some
fairly stable agent, which is normally eliminated by the lymph
after having produced its effect. In agreement with this latter con-

clusion it was found that the agent could not be demonstrated in

the venous blood. It was, however, shown to appear in the venous

effluent during chorda stimulation in a gland perfused with Locke's

solution. Such a perfusate was found to cause a vasodilatation when

Time
30 sec

Fig. 7.3. Records of venous outflow from submaxillary gland of a cat, of
secretion of saliva and arterial blood pressure.

Effect of stimulation of the chorda-lingual nerve for 15 seconds (a), of arterial occlusion for
1 minute (b), and of chorda stimulation for the first 1 5 seconds of 1 minute arterial occlusion (<-)

(Hilton and Lewis, 19550).

injected intra-arterially into a submaxillary gland with its normal

blood supply; likewise, it caused a fall in blood pressure on intra-

venous injection. An important further step in the analysis de-

pended on the observation that the venous perfusion sample, col-

lected during chorda stimulation, had no effect on smooth muscle

suspended in Tyrode solution but caused a contraction if previously

incubated with plasma. This is illustrated in Fig. 7.4. Further

experiments showed that the contraction obtained, and the vaso-

dilatation as well, is due to the polypeptide bradykinin or kallidin

of Rocha e Silva, Beraldo and Rosenfeld (1949) and Frey, Kraut

and Werle (1950).
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From their experiments Hilton and Lewis eoncluded that the

vasodilatation obtained on chorda stimulation, with or without
atropine, or after injection of acetylcholine (with no atropine), is

due to an intracellular enzyme, in itself without action on the

blood vessels. Changes in the gland cells during activity lead to

the escape of the enzyme into the interstitial fluid; there the

enzyme acts upon protein to form the vasodilator polypeptide.

This agent is then removed by the lymph. The enzyme can be
detected in the saliva, and the vasodilator activity is, in fact, not

W (
b

) (c) (d) (e)

Fig. 7.4. Guinea-pig's ileum suspended in 15 ml. Tyrode solution.

Effects of 1 ml. perfusate from a submaxillary gland collected during 15 seconds chorda stimu-
lation, alone (a) and after 1 minute incubation with 0-2 ml. plasma (b). Effect of 02 ml. plasma (c)

and of mixtures of 02 ml. plasma with a freeze-dried concentrate of perfusate (equivalent to

4 ml.) collected from a resting gland (d) and from the gland during 1 minute chorda stimulation (e)

(Hilton and Lewis, 1955ft).

to be demonstrated unless the saliva has been in contact with

protein to form bradykinin (kallidin).

Instead of a non-specified metabolite with a vasodilator action,

the bradykinin-releasing enzyme, i.e. kallikrein, is considered to

be the agent released from the activated gland cells. The "func-

tional vasodilatation" of Barcroft seems thereby satisfactorily ex-

plained. We are still left with the problem how impulses in the

chorda can, after administration of atropine, exert an action on

the gland cells which injected acetylcholine cannot: increase the

metabolism of the gland and release kallikrein, with a consequent

vasodilatation. It may perhaps in addition be asked : is the evidence
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so far produced sufficient to disprove, beyond doubt, the existence

of special vasodilator fibres in the chorda contributing to the vaso-

dilatation, as assumed by Hilton and Lewis? The validity of the

conclusions drawn from the botulinum toxin experiments depends

on the specificity of this agent in paralysing cholinergic fibres.

Further, the delayed vasodilatation after arterial occlusion indi-

cates that a stable vasodilator agent appears when the gland cells

are excited by chorda stimulation or injected acetylcholine; but

they do not exclude the possibility that in addition injected acetyl-

choline, or acetylcholine released from dilator endings in such a

way as not to be antagonized by atropine, has a vasodilator action

of its own even if via kallikrein. There are some observations

which suggest that the blood vessels of the submaxillary gland

do have a supply of parasympathetic fibres. Histological investiga-

tions show that after degeneration of the sympathetic fibres there

are still nerve fibres left in relation to the vessels of the submaxil-

lary gland of the rat (Glimstedt and Hillarp, 1942) and of the cat,

dog and monkey (Kuntz and Richins, 1946). The words of Bar-

croft in his monograph The respiratory function of the blood (1914)

may still be applicable to the problem: "The answer then to the

question, 'Is it possible to demonstrate that the vaso-dilatation

which follows upon stimulation of the chorda tympani involves a

definite neuro-muscular vaso-dilator mechanism?' is 'It is not pos-

sible on the evidence at hand either to prove or disprove it'. The
functional dilatation involved may be held to account for all known
cases of dilatation in the submaxillary, but it is not proved to do

so.—It is not impossible that under normal circumstances dilata-

tion may be instituted by dilator fibres and maintained by meta-

bolic products."

The latest contribution to the discussion comes from Terroux,

Sekelj and Burgen (1959). They estimated simultaneously the rate

of secretion, of blood flow and of oxygen consumption in submaxil-

lary glands of dogs. The effects of varying the frequency of stimu-

lation of the chorda and of atropinization were studied. During

secretory activity there was an approximately linear relationship

between the rate of saliva flow and the extra oxygen consumption,

but a poor correlation between oxygen consumption and blood

flow. Atropine depressed both the rate of saliva flow and the extra

oxygen consumption associated with it, in doses which had no effect

on the vasodilator response ; compared with the response to iden-
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tical stimulation before atropine, oxygen consumption fell in

parallel with the decrease in secretion rate, while the increased

blood flow was as great as or greater than before. The enhanced
effect of stimulation on the blood flow after atropine was explained

by the lack of haemoconcentration when no secretion occurred.

From this investigation the following conclusions were drawn:
"the vasodilator responses of the gland are not secondary to the

secretory metabolism. The metabolic and vasodilator responses

can be dissociated with atropine, showing that atropine can pre-

ferentially enter those receptor sites in the structure of the gland

associated with the secretory response. Dale and Gaddum came
to the same conclusion."

SYMPATHETIC VASODILATORS

The usually pronounced vasodilatation seen in the submaxillary

gland of the cat on stimulation of the sympathetic trunk in the

neck induced Carlson (1907) to assume that vasodilator fibres are

excited. Barcroft (1907, 19 14), on the other hand, produced

evidence to show that the dilatation, obtained on sympathetic

stimulation, is due to vasodilator metabolites. Ergotoxine had been

shown by Dale (1906) to abolish the effect of stimulation of sym-

pathetic vasoconstrictors but not of the dilators assumed to be

present in the chorda tympani. Barcroft found the sympathetic

vasodilatation to disappear, and the secretion as well, after the

administration of ergotoxine. When adrenaline was injected, to

imitate sympathetic stimulation, it was shown to increase the

oxygen consumption of the gland ; there was a parallelism between

this increase and the vasodilatation (Barcroft and Piper, 191 2).

Adrenaline could be deprived of its secretory effect by perfusing

the gland a couple of hours after the death of the animal with

saline; the vasodilator effect was, likewise, lost and the only

response was a vasoconstriction.

It is, on the whole, striking that the sympathetic vasodilatation,

contrary to the constriction, is closely linked to the secretion and

cannot be separated from it (Emmelin, 19550). By injecting chlor-

promazine it is possible to abolish both the secretion and the dila-

tation with the constriction retained. A small dose of the drug

may only reduce the secretory response ; this is true for the vaso-

dilatation also. When the effect of a bigger dose is wearing off,

the two effects return concomitantly. In an exceptional cat, in
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which sympathetic stimulation did not cause any secretion, vaso-

constriction was the only vasomotor effect obtained. Priscol, on

the other hand, reduces the sympathetic constriction, leaving the

secretion ; the vasodilatation is, likewise, retained. When this drug

has been given vasoconstriction does not interfere with the dilata-

tion, which is then obtained early in the stimulation period; the

ordinary, characteristic vasodilatation when the sympathetic stimu-

lation is discontinued, and which is sometimes as pronounced as

during chorda stimulation, is not obtained after priscol.

All these observations are compatible with the view that the

sympathetic dilatation is secondary to the secretion and due to

some vasodilator agent appearing during glandular activity. The
constrictor response obtained shortly after the start of a stimula-

tion period favours the accumulation of the agent and the constric-

tion diminishes ; there may even temporarily be a period of marked

dilatation. If so, the dilator agent is quickly removed and constric-

tion again gets the upper hand. In this way, periods of constriction

and dilatation may sometimes alternate. On cessation of stimula-

tion the dilator agent, unopposed by constrictor impulses, causes

a marked dilatation. After priscol, however, the constrictor fibres

are without effect and the agent is able to guarantee an adequate

blood supply during the stimulation period already, and there is

no marked reactive hyperaemia afterwards.

Experiments by Hilton and Lewis (1956) suggest that the func-

tional dilatation during sympathetic stimulation is due to the for-

mation of a bradykinin-like agent.

In some cats there is evidence suggesting the presence of vaso-

dilator fibres for the submaxillary gland in the sympathetic trunk

(Emmelin, 19550). The dilatation was in these instances obtained

very early in the stimulation period and came to light when both

secretion and constriction had been abolished by a sympathicolytic

agent. This effect was not abolished by atropine.
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CHAPTER VIII

THE INORGANIC COMPONENTS OF SALIVA

SECRETION OF WATER

While the secretion of water is considered in Chapter III in con-

nection with the innervation of the salivary glands, it merits more

detailed discussion here because it is the most abundant consti-

tuent of saliva. When parasympathetic nerve stimulation is com-

menced, the saliva flow appears with short latency—usually not

more than a second—the secretion rate rapidly reaches a maximum
and usually declines slightly to a plateau level and then falls off

rather slowly during continued stimulation. (Fig. 8.1 ; Beznak and

Farkas, 1937; Maltesos and Weigmann, 1939). The polyphasic

curves obtained by Holtzlohner (193 1) appear to be due to the

use of unphysiologically high rates of nerve stimulation. In those

few salivary glands with an active sympathetic secretomotor inner-

vation, the secretion produced by sympathetic stimulation has

usually a longer latent period and the rate of flow is less well

maintained and rather high stimulation frequencies may be needed

to produce any secretion at all. In the case of parasympathetic

stimulation, the rate of secretion is nearly linearly related to rate

of stimulation in both submaxillary and parotid glands (Fig. 8.2)

up to a maximum rate which is reached at 10 c/s in the cat or dog

submaxillary and at 20-25 c/s in the dog parotid gland. This

maximum rate of secretion seems to be a specific property of the

gland. In the presence of eserine or other anticholinesterase drugs

the maximum rate is reached at considerably lower rate of stimu-

lation but the maximum secretion rate is not itself increased

(Beznak and Farkas, 1937; Burgen, Keele and Slome, 1949). The
maximum rates of water secretion are, for the dog parotid, 0-35-

0-70 ml./g. min; the dog submaxillary 0-8-1-3 ml./g. min; the cat

sublingual 0-05 ml./g. min (Burgen, unpublished; Lundberg,

1957). The only procedure known to increase the maximum rate

of secretion is an increase in plasma potassium (Langley, Gun-
thorpe and Beall, 1958; Burgen, unpublished). In dogs from birth

onwards, the maximum rate of salivary secretion per unit weight

140



Secretion of Water 141

Series B

Series A

10 CS

Itlll llllllll ll l l ll l ll ll lH I II III I I H

III I I M l M I II III II I I M I I I I II I I

2cs

!-H i I i H I I 1 H I I I I I I I I I I I I I I I I I h

Fig. 8.1. The rate of secretion of the submaxillary gland of a cat recorded

with a capacitance flow meter.

Ordinate rate of flow in ml. per minute. Time marked seconds. In series A, the ipsilateral

cervical sympathetic trunk was stimulated maximally at the frequencies indicated. In series B,

the chorda tympani was stimulated (Burgen, unpublished).

produced by the submaxillary gland varies very little (Wechsler,

unpublished). This is surprising since the neonatal gland has only

a few poorly developed acini, although large dilated tubules are

present. The rate of water secretion by this gland seems to proceed
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Fig. 8.2. Dog parotid gland.
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Secretion was produced by maximal stimulation of the auriculotemporal nerve at different

frequencies. Ordinate: rate of secretion in mg/g/min. Abscissa: frequency of stimulation (Burgen,
unpublished).

unaltered in the face of major changes in structure occurring dur-

ing maturation. Lourie (1943) found that larger amounts of resting

saliva were produced in young children than in adults.

TOTAL OSMOLYTE CONCENTRATION

At maximum secretory rates, the osmolyte concentration in the

parotid saliva of the dog reaches a total of 200-260 milliosmols.

The osmolyte concentration is proportional to flow and reaches a

minimum of 50-1 00 milliosmols (15-30 per cent of the plasma osmo-

larity) at about 5-10 per cent of the maximum secretory rate. At

very low rates of secretion, the osmolyte concentration rises again

and may come close to the plasma concentration (Burgen, 1955;

Brusilow and Cooke, 1959; Burgen and Seeman, unpublished).

Similar relationships are evidently present in the dog and cat sub-

maxillary glands and the human parotid gland (Langstroth, McRae
and Stavraky, 1938a; Thaysen, Thorn and Schwartz, 1954). Cat

sublingual saliva and rat parotid saliva are not hypotonic and their

osmolarity at all rates of secretion is close to that of the plasma

(Lundberg, 1957; Schneyer and Schneyer, 1959). The secretion

from all the salivary glands in man is hypotonic but the relation-

ship of saliva osmolarity to the secretion rate has been established

only in the case of the parotid (Kostlin and Rauch, 1957). Saliva
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secreted by the cat submaxillary gland in response to sympathetic
stimulation, has a higher osmolarity than chorda saliva; after a

large dose of adrenaline, the osmolarity of subsequently secreted

chorda saliva is considerably increased (Langstroth, McRae and
Stavraky, 19386).

The production of hypotonicity is one of the most interesting

and elusive phenomena in salivary secretion. The total amount of

osmotic work that the gland can perform is not great (average for

the dog parotid 137 m.cal/g. min) compared with the total energy

so
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Fig. 8.3. Osmolarity of parotid saliva in the dog at different

rates of saliva secretion.

(Brusilow and Cooke, 1959-)

production of the gland and it seems most improbable that the

performance of osmotic work is a limiting factor in the secretory

process (Burgen, 1955). Japelli (1906) made the interesting obser-

vation that when the plasma osmolarity of the dog was raised by

injection of 10 per cent sodium chloride solution intravenously,

there was an increase in saliva osmolarity although it was not

necessarily proportionate. He also found that the freezing point

depression of gland homogenates was identical to that of the plasma.

Recently it has been found that in man, dehydration and subse-

quent repletion by water drinking leads to corresponding changes

in the saliva osmolarity (Friedberg and Doyle, 1959).

Burgen (19566) has suggested that some water reabsorption
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occurs in the salivary ducts along the osmotic gradient that is

present. This suggestion was based on the finding that a number
of non-electrolytes are concentrated in the saliva above the plasma

levels at low rates of saliva secretion. This can readily be under-

stood if water reabsorption from the saliva occurred at a site in the

ducts more distal to those across which non-electrolyte movement

can occur. Direct evidence for this is available in the case of urea.

pH AND BICARBONATE CONCENTRATION

The hydrion concentration in saliva can only be determined if

adequate means are taken to prevent loss of dissolved carbon

dioxide and may then be determined either directly or from

measurement of the bicarbonate concentration and the pC0 2 .

Schmidt-Nielsen (19460) has described a satisfactory method with

a microquinhydrone electrode and analysed the sources of error

in the method. He found the pH of the resting parotid saliva in

40 adults to average 5-81 (range 5-45-6-06) and the submaxillary

saliva a little higher at 6-39 (range 6-02-7-14); on activation the

pH of the parotid saliva increased by up to 2 units, the maximum
pH recorded being 7-80 (Schmidt-Nielsen, 19466). Rauch (1956)

obtained similar values (i.e. 5-1-6-3 for parotid and 5-9-7-3 for

submaxillary), as did Chauncey, Lisanti and Winer (1958). Chaun-

cey and Weiss (1958) showed that acetazoleamide was without

effect on the pH. Sand (1949) measured the pC0 2
of human sub-

maxillary and sublingual saliva and found it to be 53-60 mm Hg
and practically independent of the rate of secretion. This means

that the pH of the saliva can be predicted from the bicarbonate

concentration. Sand found that the opalescence that often develops

when saliva stands in the air was due to the formation of Ca 3(P0 4) 2

when the pC0 2 was less than 20 mm Hg. Sand also found that the

pH of saliva increased with increasing flow of the saliva. This

has been confirmed in human parotid saliva (Hildes and Ferguson,

1955; Anderson, 1949). Yoshimura, Iwasaki, Nishikawa and

Matsumoto (1959) have found that sublingual saliva in the dog

has a fixed pH of about 7-2. Yoshimura, Takaoka and Mori (1954)

have found that the pC0
2
of saliva is increased when the pC0 2

of the plasma is increased. As pointed out below, since the bicar-

bonate concentration of the saliva is also affected by changes in the

arterial pC0 2 , the saliva pH is little affected by respiratory acidosis

and alkalosis.
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It needs to be emphasized that saliva secreted at a reasonable

rate and perhaps also resting saliva rapidly becomes alkaline in the

mouth due to the loss of dissolved C0 2 .

Bicarbonate is present in the submaxillary and parotid saliva in

a concentration higher than that in the serum when the rate of

saliva secretion is above about 10-20 per cent of the maximum rate

(Fig. 8.4). At lower rates of secretion, bicarbonate concentrations

as low as 5-10 mEq/1. may be found. With increased saliva flow

rate the bicarbonate concentration rises and eventually stabilizes

at a level which is not changed by further increase in saliva flow

Plasma
Na (143.3)

1.0 2.0 3 4.0

Flow of saliva in ml./min

Fig. 8.4. Schematic diagram of concentrations of sodium, potassium, chloride

and bicarbonate in human parotid saliva.

(Thaysen, Thorn and Schwartz, 1954.)

rate. In human parotid saliva the limiting level is normally about

60 mEq/1. and in the dog 40-50 mEq/1. (i.e. about twice the plasma

bicarbonate) (Thaysen, Thorn and Schwartz, 1954; Hildes and

Ferguson, 1955; Yoshimura, Takaoka and Mori, 1954; Sand,

1949; Wechsler, 1959). The cat sublingual saliva on the other hand

appears to be virtually free of bicarbonate. Lundberg (1957) found

this saliva to contain 156 mEq/1. sodium, 9 mEq/1. potassium and

151 mEq/1. chloride. Since calcium and magnesium together

amount to only 3-4 mEq/1. and phosphate to not more than

3 mEq/1., the bicarbonate must be less than 5 mEq/1. Kostlin and

Rauch's (1957) analysis of human sublingual saliva also suggests

a low bicarbonate concentration. Werther (1886) reported an

absence of "alkali" in sublingual saliva. Yoshimura et al (1959)

P.S.G.
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found the bicarbonate in the sublingual saliva of dogs to average

only 5-2 mEq/1. and not to be changed appreciably with flow

rate.

The literature describing the relationship between the concen-

tration of bicarbonate in plasma and saliva is rather confusing.

For instance, de Beer and Wilson (1932) in the dog parotid gland

stimulated by pilocarpine, found that on raising the plasma bicar-

bonate by an infusion of sodium carbonate, the saliva bicarbonate

rose about proportionally, but continued to rise at a time when the

plasma bicarbonate was falling.

McClanahan and Amberson (1935) found a linear relationship

between plasma and saliva bicarbonate in the cat submaxillary

gland but an unexplained feature of their experiments was that

whereas the saliva bicarbonate was approximately equal to the

plasma level in those experiments in which saliva secretion was

caused by chorda stimulation, it was twice as great in those in

which pilocarpine was used. In some of the experiments in this

same paper in which perfused submaxillary glands were used, the

proportionality between plasma and saliva concentration is much
less clear. For instance, in one experiment when the plasma level

was raised from 12-9 mEq/1. to 20-9 mEq/1. the saliva concentra-

tion remained unchanged! Sand (1951) found no satisfactory corre-

lation between the saliva and plasma bicarbonate in man after

ingestion of ammonium chloride. Wechsler (1959) also found

the response to sodium bicarbonate administration to be unpre-

dictable.

The elucidation of this confusing situation has come about

through the study of the effects of change in pC0 2 on the saliva

bicarbonate (Burgen, i960). In dog parotid saliva the bicarbonate

saliva/plasma ratio (s/p) is directly dependent on the arterial

pC0 2 . In the experiment shown in Fig. 8.5 when the arterial pC0 2

was reduced from 38 mm Hg to 11-5 mm Hg, by hyperventilation,

the bicarbonate s/p fell from 278 to 1-25 and, conversely, when
the pC0 2 was raised by inhalation of 10 per cent carbon dioxide in

oxygen the saliva s/p rose to 3-8. When the plasma bicarbonate

level was increased by infusion of sodium bicarbonate the s/p

remained more or less unchanged when it was compared with the

s/p for the corresponding pC0 2 before the infusion. The irregu-

larities in the results reported in the literature are therefore probably

due to the compensatory changes in pC0 2 which are consequent
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on a metabolic alkalosis or acidosis. Sand (1949) has shown that

the pC0 2
is independent of saliva secretion rate and closely follows

the arterial pC0 2 although it is usually 20-30 per cent higher.

Because of this, the saliva pH changes little when the arterial pC0 2

is changed because both the pC0 2 and bicarbonate of the saliva are

changed in the same direction nearly proportionately. In a careful

study of human parotid saliva Chauncey and Weiss (1958) were
unable to demonstrate any effect of quite large doses (4'8-22mg/kg)

of the potent carbonic anhydrase inhibitor acetazoleamide (Dia-

mox) on either salivary bicarbonate or pH. Negative results were
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Fig. 8.5. The effect of change of pC0 2 on the concentration of bicarbonate

in the saliva.

The saliva /plasma ratio is increased by a rise in arterial pCO,. The open symbols were values

obtained after intravenous injection of 10 mEq/kg of NaHC0 3 . The plasma and saliva bicarbon-

ate both increased but the saliva/plasma ratio did not change.

also obtained by Niedermeier, Stone, Dreizen and Spies (1955)

and Burgen (i960).

Saliva produced in the cat submaxillary gland by sympathetic

nerve stimulation has a much higher bicarbonate concentration

than chorda saliva (Langstroth, McRae and Stavraky, 19386).

This higher bicarbonate concentration is accompanied by a higher

sodium and potassium concentration but by little change in the

chloride. Similar changes are produced by adrenaline. On the

other hand, large doses of adrenaline produce long-lasting after-

effects on the sodium and chloride concentrations in chorda saliva

but only trivial changes in the bicarbonate.
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Wechsler (i960), in a study of the submaxillary secretion of

young puppies, has found that up to the age of 10 days the saliva is

virtually free of bicarbonate but, thereafter, the bicarbonate con-

centration rises to reach the adult level after 3-4 weeks.

The source of the salivary bicarbonate is of considerable interest

because it might be derived in part by transfer from the plasma

bicarbonate and in part from endogenous bicarbonate produced

by the gland metabolism. A simple calculation shows that in a

maximally secreting gland it would not be possible for all the

secreted bicarbonate to be derived from metabolism. In an active

dog submaxillary gland saliva is secreted at 0-3 ml./g. min with

a bicarbonate concentration of approximately 40 mEq/1.—a total

of approximately 12 //Eq HC0 3 /g. min. The gland metabolism

produces only 5 [iEq HC0 3/g. min so that even if all the meta-

bolic bicarbonate of the gland were directed into the saliva this

could account for less than half the total. The discrepancy would

naturally become all the greater if the saliva bicarbonate level were

raised by increase of the arterial pC0 2 or bicarbonate. Sand (195 1)

examined this question by injecting C 14 labelled bicarbonate intra-

venously in a rabbit and measuring the specific activity of mixed

saliva from the mouth and comparing this with that in the blood.

The specific activity of the saliva bicarbonate was a little lower

than in the blood. These experiments suffered from the defect

that the blood bicarbonate concentration was falling rather rapidly

during the experiment and the method of saliva collection led to a

relatively large error in timing the sample. Wechsler (1959) has

repeated this kind of experiment in the cat, taking care to maintain

the serum level constant by continuous infusion of C 14 bicarbonate

and has found that the saliva specific activity was 10-20 per cent

lower than the arterial. These observations suggest that an appre-

ciable proportion of the salivary bicarbonate is indeed derived

from metabolism. Further support for this view was provided by

Sand, who found that after injection of C 14-lactate, the specific

activity of the saliva bicarbonate was higher than in the arterial

blood.

POTASSIUM

It has been known since the studies of Tiedemann and Gmelin

(1826) that potassium is present in rather high concentrations in
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saliva. Clark and Shell (1927) found in a study of a large number
of samples of human mixed saliva that the potassium concentration

was invariably higher than in the plasma. This is true for all the

individual glands in man (Kostlin and Rauch, 1957) and is even

the case for those salivary glands that secrete an isotonic saliva

(Lundberg, 1957; Schneyer and Schneyer, 1959). Gregersen and
Ingalls (1931) claimed that the concentration of potassium in dog
parotid saliva was independent of the rate of the saliva secretion

except at very low flows where a rise of concentration inversely

proportionate to flow occurred. Similar relationships have been

reported for cat submaxillary saliva and human parotid saliva

WO 200 300 400 500 600 100

Rate of saliva secretion (mg/gJmin)

Fig. 8.6. The potassium concentration in dog parotid saliva when small

samples were collected at different rates of secretion.

The relationship is U-shaped, rising at both low and high flow rates (Burgen, 1956a).

(Langstroth, McRae and Stavraky, 19380; Thaysen, Thorn and

Schwartz, 1954; Hildes, 1955; Prader, Gautier, Gautier and Naef,

1955). The concentration in the saliva was 1-5-4 times the plasma

level ; the higher values being found in man.

The constancy of the plasma concentration with flow was chal-

lenged by Burgen in 1956, who found that in the dog and the cat,

the saliva potassium was dependent on the size of the sample col-

lected. At the beginning of the period of stimulation, the potassium

concentration in the saliva is very high and then gradually falls off

to reach a much lower steady level after a few minutes. When

small samples of saliva are collected, the concentration of potas-

sium shows a pronounced dependence on the flow rate, usually

giving a U-shaped curve (Fig. 8.6). This dependence on flow rate
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is largely eliminated as the size of the sample is increased (Fig. 8.7).

The initial difference in potassium concentration depends on the

duration of the rest period since the previous stimulation; and

previous authors had missed this inequality of concentrations

either because of the large size of the saliva samples that they

collected or because of dealing with a continuously secreting gland

and discarding earlier "aberrant" samples or because they used

very short intervals between collections of samples which did not

1000 2000 3000

Size of salivary sample collected (mg/g)

Fig. 8.7. Dependence of the concentration of potassium in submaxillary

saliva of the dog on the size of the saliva sample collected.

(Burgen, 19560.)

allow the early phase of secretion to appear. In the early phase,

potassium concentrations up to 20 times the plasma level may be

found. The rest period necessary for the return of the full initial

transient concentration of potassium after a period of stimulation

was investigated by Seeman (1956). He found that in the dog

parotid gland, the transient was half restored by a rest of 2-5

minutes whereas in the dog submaxillary gland this required 15-30

minutes. Lundberg (1958) has found a similar potassium transient

in the cat sublingual secretion. Brusilow and Cooke (1959) found

virtually no potassium transient when the rest period was a minute

or less. A fuller discussion of the potassium transient, its relation-

ship to changes in gland electrolytes and implications for the secre-



Potassium 151

tory process, will be found on page 206. Schneyer and Schneyer

(1959) have recently measured the potassium concentration in rat

submaxillary-sublingual saliva and found values of 45-62-5 mEq/1.
These values are higher than usually reported for other glands but
it is not clear how much of this is due to the presence of a possible

potassium transient. The potassium concentration in both parotid

and submaxillary saliva in the dog is dependent on the plasma
level (Burgen, 1956a; Fig. 8.8) and this is presumably true in other

1 *>
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represents a genuine change in the potassium secretory process.

The concentration of potassium in saliva evoked by sympathetic

stimulation or adrenaline injection is about twice that of chorda

saliva; there are, however, no striking after-effects of the adrena-

line on subsequent chorda stimulation (Langstroth, McRae and

Stavraky, 19386; Kesztyiis and Martin, 1937). No studies have

been reported on the secretion of rubidium and caesium ,in the

saliva.

SODIUM AND LITHIUM

In those glands producing a hypotonic saliva, the concentration

of sodium is highly dependent on the rate of saliva flow (Fig. 8.4;

Gregersen and Ingalls, 1931; Langstroth, McRae and Stavraky,

19380; Thaysen, Thorn and Schwartz, 1954; Hildes, 1955; Pra-

der, Gautier, Gautier and Naef, 1955; Brusilow and Cooke, 1959).

At low flow rates the concentration may be as little as 1-5 mEq/1.

and rises to 100 mEq/1. or more at the highest rates of secretion.

In some glands, a rise of sodium concentration may occur also at

very low flow rates. The flow dependence of saliva sodium concen-

trations makes it impossible to give any narrow normal range of

concentrations but, despite this, values for sodium in resting saliva

in man may be of use. In the small flow range involved, the varia-

tions of sodium concentration are relatively small. For instance,

Prader and Gautier (1955) found that the resting saliva of normal

children contained 2-15 mEq/1. of sodium, whereas the saliva

from children with cystic fibrosis of the pancreas contained 20-45

mEq/1. Similarly, changes in sodium concentration consequent on

altered adrenocortical secretion may be quite consistent with rest-

ing flows although no consistent change may be found at high

rates of secretion (Grad, 1952; White, Entmacher, Rubin and

Leiter, 1955; Martin, 1958). In saliva produced by sympathetic

stimulation, sodium concentrations are considerably higher than

at the corresponding flow rates produced by chorda stimulation

but they remain hypotonic (Langstroth, McRae and Stavraky,

19386). In glands with an isotonic secretion such as the cat sub-

lingual and rat parotid sodium is the predominant cation and is

present at a concentration of 140-160 mEq/1. (Lundberg, 1958;

Schneyer and Schneyer, 1959).

Brusilow and Cooke (1959) have reported that following brief

interruption of regular stimulation, the secretion of sodium in the
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saliva is transiently depressed. This effect reaches its maximum
with an interruption of flow for as little as one minute Higher
sodium concentrations are found in the saliva of human infants

and puppies (Hungerland, Quenzlein and Weber, 1957; Prader,

Gautier, Gautier and Naef, 1955; Wechsler, i960).

Lithium concentrations in saliva are higher than in plasma. At
low flow rates, they reach 2-3 times the plasma level and at high

flow rates approximate to the plasma level. The saliva/plasma

ratio for lithium is independent of the absolute plasma concentra-

tion. No other substance is known which has a concentration flow

relationship of this kind (Burgen, 1958).

CHLORIDE AND BROMIDE

The chloride concentration of the saliva shows considerable

variation among different glands but the most common pattern is

that found in the dog, cat and human submaxillary and parotid

glands. In these glands there is a nearly linear relationship between

flow rate and chloride concentration (Burgen and Seeman, 1957;

Hildes and Ferguson, 1955; Thaysen, Thorn and Schwartz, 1954;

Ferguson, Hildes and Naimark, 1957) which, however, at all flows

is well below the plasma concentration. A range between 5-70

mEq/1. has been commonly reported (de Beer and Wilson, 1932;

Kesztyiis and Martin, 1937; Lipschitz, 1929a; Kostlin and Rauch,

1957; Freinkel and Ingbar, 1953; Chauncey and Weiss, 1958;

Wills, 1940; McCance, 1938; Langstroth, McRae and Stavraky,

1938a; Brusilow and Cooke, 1959).

By contrast, the sublingual saliva of the cat has a higher chloride

concentration than in the plasma. Lundberg (1957) found values of

144-170 mEq/1. which make chloride almost the exclusive anion

in this isotonic saliva. Sublingual and palatine saliva in man have

higher chloride concentrations than parotid or submaxillary but

are not as high as cat sublingual (Kostlin and Rauch, 1957). In

young animals and in children under one year of age the chloride

level is considerably higher than in more mature individuals

(Kaiser, Kunstadter and Mendelsohn, 1956; Wechsler, i960).

Saliva obtained with pilocarpine as the secretogogue rather than

parasympathetic nerve stimulation usually has a considerably

higher chloride concentration (de Beer and Wilson, 1932 ;
Wechsler,

i960).

Sympathetic saliva from the dog and cat submaxillary glands
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shows a similar chloride concentration to parasympathetic saliva

but after large doses of adrenaline the chloride concentration is

raised for many hours (Langstroth, McRae and Stavraky, 1938).

There is no clear evidence of the effects of changes in plasma chlor-

ide on the salivary secretion of chloride but when the plasma chlor-

ide was reduced from 118 mEq/1. to 80 mEq/1. by administration

of bromide there was no change in saliva/plasma ratio for chloride

(Lipschitz, 19290). On the other hand, when the serum chloride is

reduced (and bicarbonate increased) by administration of bicar-

bonate or carbonate not only does the saliva bicarbonate sometimes

rise but the chloride may rise considerably (de Beer and Wilson,

1932). The chloride concentration in saliva may be influenced

independently of the plasma chloride by changes of arterial pC0 2

(see page 219). The chloride concentration of saliva is not affected

by iodide, thiocyanate or perchlorate (Freinkel and Ingbar, 1953;
Ferguson, Naimark and Hildes, 1957). A fall in saliva chloride

accompanies the decrease in sodium and rise in potassium of

saliva after administration of desoxycorticosterone (White, Ent-

macher, Rubin and Leiter, 1955); no changes were produced by

the diuretics mercuhydrin or acetazoleamide (Chauncey and Weiss,

1958). McCance (1938) found no change in saliva chloride in

patients that were salt depleted. Hober and Ferrari (1933) made
the very interesting observation on perfused submaxillary glands

that when suitable concentrations of cyanide or iodacetate were

added to the perfusion fluid there was a sharp rise in the salivary

chloride concentration. Finally, in cystic fibrosis of the pancreas,

only moderate changes in chloride concentration in saliva have

been found (Kaiser, Kunstadter and Mendelsohn, 1956) unlike

the considerable changes in sodium (Prader and Gautier, 1955).

Bromide behaves very much like chloride but the saliva/plasma

ratio tends to be slightly higher (Lipschitz, 1929).

FLUORIDE

Surprisingly little data is available on salivary fluoride secretion

in view of the great interest taken in this subject from the point of

view of dental caries. McClure (1941) found the saliva fluoride in

children to be in the range of 0-006-0-015 mEq/1. (i.e. 0-10-0-24

p.p.m.) and to bear a crude relationship to the level of fluoride

in the drinking water. Martin and Hill (1950) found a slightly

higher (0-008-0-019 mEq/1.) level in the Chicago area. In neither
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study was the saliva level related to the plasma level or the rate

of secretion. Wills (1940, 1943) injected carrier free F19 into cats

and collected submaxillary saliva. The saliva/plasma fluoride ratio

was in the range 0-064-0-131 whereas the ratio obtained in the

same animals for chloride was 0-315-0-423. No studies were done
relating fluoride secretion in saliva either to the total plasma level

or to the rate of saliva secretion. Fluoride is therefore secreted in

saliva at a lower concentration than the other halides.

It has been suggested that the low concentration of fluoride in

saliva is due to the indiffusibility of fluoride caused by the forma-

tion of insoluble calcium fluoride complexes in the blood. This is

unlikely since the solubility of CaF 2 in plasma is approximately

0-5 mEq/1. (Stuber and Lang, 1929) while the blood concentration

is only about o-i mEq/1. , and also because Wills (1940) found that

after intravenous injection F 19 distributed itself in 37 per cent of

the body weight (as compared to 24 per cent for chloride), i.e. it

distributed itself at least as readily as chloride in a predominantly

extracellular location. Further studies on fluoride in saliva would

be very welcome.

IODIDE, THIOCYANATE, PERCHLORATE AND NITRATE

The secretion of iodide in saliva was first noted by Bernard

(1856). Lipschitz (1929a, b) showed that iodide was considerably

concentrated in dog parotid saliva (and gastric juice) above the

plasma level and that the saliva/plasma ratio was reduced when the

plasma iodide concentration was raised sufficiently.

Whilst iodide is secreted in all salivas so far examined the

ability to secrete at concentrations higher than the plasma level is

not found in all glands. The results of an extensive study by

Cohen and Myant (1959) of the secretions in which iodide is con-

centrated are shown in Table I. The human parotid gland seems

to be the most active of any of those extensively studied. At low

rates of secretion, the concentration of iodide is highest and at flow

rates above 0-5 ml./min, the s/p ratio becomes constant at about

10 and does not change with further increase of saliva secretion

rate (Ferguson, Naimark and Hildes, 1956); somewhat similar

results have been obtained with the dog parotid (Burgen and

Seeman, 1957) although the concentration ratio is lower than in

man (Fig. 8.9).

The secretion of iodide can be expressed as a clearance. Owing
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Table I

Concentration of Iodide in Saliva of
Different Species

(Cohen and Myant, 1959)

Mixed Parotid Submandibular Sublingual Residual

Cat
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attempted to measure arteriovenous differences in the dog parotid

and have found that the extraction of iodide is not complete.
Actually complete extraction from whole blood would not be ex-

pected in view of the relative slowness with which iodide exchanges
between red cells and plasma (Tosteson, 1959), but even allowing

for this the values were usually such as to preclude complete
plasma extraction. Nevertheless, the iodide clearance probably

gives a good index of gland blood flow and to account for such high

extractions we must conclude that a high proportion of the blood

perfusing the gland comes into contact with the structures in the

gland secreting iodide. At least in the dog parotid gland after a

rest period the first secreted saliva contains a much higher con-

centration of iodide than does subsequently secreted saliva (Burgen

and Seeman, 1957; Towbin and Perkins, 1958; Burgen, Terroux

and Gonder, 1959). This "rest transient" is discussed in detail in

Chapter X. Iodide is also concentrated in the salivary glands in

some species, notably in human parotid and submaxillary glands

and in mouse and hamster submaxillary glands (Cohen and Myant,

1959), but many glands which produce a saliva rich in iodide do

not themselves have a concentration of iodide higher than that in

the plasma. This could be the case if either intracellular concen-

tration of iodide did not occur or if iodide concentration were not

a function of all the gland cells but rather of a specific group of

cells. The distribution of iodide in the gland has been examined

by radioautography of freeze-dried salivary glands in animals given

I 131 . By this technique it has been shown that radioiodine is con-

centrated by the proximal ducts of the parotid gland in both mice

and hamsters (Fig. 8.10). Rats are unable to concentrate iodide in

their saliva and in them no such selective accumulation can be

seen (Cohen, Logothetopoulos and Myant, 1955; Logotheto-

poulos and Myant, 1956). Analysis of the time course of the rest

transient mentioned above and of the time of appearance of iodide

in the saliva after intra-arterial injection have provided evidence

that the ducts are responsible for iodide transfer in the dog parotid

as well (Burgen and Seeman, 1957; Burgen, Terroux and Gonder,

1959). The rapidity with which saliva iodide concentration in man

follows changes in blood iodide content suggests that the same is

true in this species (Freinkel and Ingbar, 1953). In the radioauto-

graphic studies iodide appears to be concentrated about equally

over the duct epithelium and lumen, and where the tissue section
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included duct epithelium without the duct lumen iodide concen-

tration was still apparent. In Chapter X evidence is given based

on kinetic studies for assuming that concentration of iodide in the

pd

dd

bv

li
Fig. 8.10. Radioautographic localization of I

131 in the parotid gland of the

hamster.

Upper photograph: gland stained by periodic acid—SchifT. Lower photograph: radioautograph.

Activity is present over the distal ducts, pd, proximal duct; dd, distal duct; bv, blood vessel

(Cohen, Logothetopoulos and Myant, 1955).

duct cells occurs in the dog parotid gland and also for concluding

that little or no iodide can enter the saliva via the acini.

It seems probable that in all the species in which iodide can be

concentrated in the saliva, this is accomplished by some part of the

duct epithelium. Cohen and Myant observe that they can find no
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particular kind of cell common to the glands where iodide secre-
tion is most active. If there is a cytological feature characteristic of
iodide-secreting cells this has not yet been identified.

In the dog submaxillary gland saliva iodide concentrations are

normally lower than in the plasma and the relationship of concen-
tration of iodide to the rate of saliva flow is unlike that in the
parotid. In this secretion the concentration decreases at low flow

rates (Fig. 8.1 1) (Burgen and Seeman, 1957). Nothing is known
of the mechanism of iodide secretion in this gland.

10
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iodide is greater in the older mice. When a high enough dose of

one of these anions is used either in vitro or in vivo the I 131 con-

centration ratio asymptotes to a value less than i (usually 0-3-0-7)

and cannot be further depressed by increase in anion concentration.

Evidence is available that this residual secretion of iodide occurs

via the duct cells (Burgen, Weiss and Weiss, i960). The relation-

ship between concentration of iodide and flow found in the dog

parotid saliva when the iodide transport process has been depressed

by a high I~ and C10 4
~ concentration is very similar to that found

in the normal submaxillary gland (Fig. 8.1 1).

It has been known for over a century that thiocyanate is con-

centrated in the saliva and is found in the saliva of many species.

The thiocyanate appears to be mostly produced endogenously

from cyanide; its concentration is considerably increased in

smokers. Thiocyanate is less well concentrated by the salivary

glands than iodide (Ferguson, Naimark and Hildes, 1957) but

otherwise its behaviour is quite similar. Radioautographic studies

have shown that thiocyanate is concentrated in the same duct seg-

ments as iodide (Logothetopoulos and Myant, 1956). Perchlorate

is also concentrated at least tenfold in human parotid saliva

(Edwards, Fletcher and Rowlands, 1954), but the difficulty of

measuring the concentration of this ion has inhibited further study.

Nothing is known of nitrate concentrations in saliva.

It is probable that iodide, perchlorate, thiocyanate and nitrate

can all be transported by the same anion transport system in the

salivary duct cells and that the ions can compete for transport by

this carrier. A similar transport system exists in the thyroid

(Wyngaarden, Wright and Ways, 1952; Wyngaarden, Stanbury

and Rapp, 1953), in the gastric mucosa (Lipschitz, 19290; Honour,

Myant and Rowlands, 1952; Fletcher, Honour and Rowlands,

1956; Howell and Middlesworth, 1956) and in the mammary gland

(Brown-Grant, 1957). A study of the effect of X-irradiation of the

parotid gland has shown no depression of iodide secretion after

doses as great as 3,500 r (Awwad, 1959). Large doses of inorganic

iodine have been known for a very long time to lead not infre-

quently to swelling and pain in the salivary glands. In man and in

the mouse virtually all the iodine secreted in the saliva is in the

form of inorganic iodide, but in the dog a considerable proportion

is incorporated into proteins.
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CALCIUM AND MAGNESIUM

In human parotid saliva there is a positive correlation between
flow rate and calcium concentration (Chauncey, Lisanti and Winer,

1958) which ranges from i-o mEq/1. at low flows up to 3-4 mEq/1.
at high flows. Values of 1-3 mEq/1. for resting parotid saliva and
3-6 mEq/1. for resting submandibular saliva have been reported

(Rauch, 1956; Henriques and Chauncey, 1958). de Beer and Wilson

(1932) also found in the dog parotid excited by pilocarpine that

there was a positive correlation with secretion rate and, further,

that the saliva calcium was increased by raising the plasma level.

Andreyev and Pugsley (1933) also found the saliva calcium to fol-

low the plasma calcium. Kesztyus and Martin (1937) found that

the submaxillary saliva of the dog contained 4-6 mEq/1. calcium

after chorda stimulation, showed no appreciable rest transient and

was practically independent of rate of flow in the range tested.

The concentration in sympathetic saliva is much higher (n-32

mEq/1.) and considerably above the normal plasma level of 4-6

mEq/1. Baxter (1933) found approximately 11 mEq/1. in dog

parotid saliva and 5 mEq/1. in mixed saliva produced by reflex

stimulation.

Levels of 0-6-1-4 mEq/1. of magnesium have been found in

parasympathetic saliva (Rauch, 1956; Kesztyus and Martin, 1937)

compared with 1-5-2-5 mEq/1. in plasma. Sympathetic submaxil-

lary saliva, however, may have concentrations as high as 3-2 mEq/1.

PHOSPHATE

The total phosphate of saliva is usually about twice the plasma

level and, of this, at least 80 per cent is present as inorganic

phosphate (Chauncey and Weiss, 1958; Clark and Shell, 1927;

White and Bunting, 1946; Becks and Wainwright, 1946; Hildes,

1955; Kostlin and Rauch, 1957; Eggers-Lura, 1947; Krasnow,

1945). Stevens (1953) found a similar relation in mixed saliva

after injection of inorganic phosphate as P 32 but Wills (1943)

found in the cat a saliva/plasma ratio of only 0-28-0-40 with

chorda stimulation and lower figures with pilocarpine.

The concentration is relatively flow independent but shows some

upswing at low secretion rates (Hildes, 1955). The organic phos-

phate of saliva is acid-soluble and partially split by phosphatases

(Eggers-Lura, 1947). Rose and Kerr (1958) have presented
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evidence that phosphoethanolamine accounts for part of the

organic phosphorus in saliva. There are also traces of phospholipid

present.

PAROTID SECRETION OF THE SHEEP

The parotid secretion of the sheep has recently been studied in

detail and provides some interesting comparisons with the saliva

of non-ruminant mammals. The saliva is hypertonic to plasma,

the osmolarity averaging about 335 milliosmols/1. as compared

with 285 for plasma. It is also quite alkaline due to a high bicar-

bonate concentration (100-140 mEq/L). The chloride concentra-
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Fig. 8.12. Saliva from a sheep with a parotid fistula.

When the daily intake of 595 mEq NaHC0 3 was withheld, the saliva sodium fell and the
potassium rose. When the intake of sodium was restored, restitution of the cation concentrations
in the saliva occurred (Denton, 1956).
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tion is correspondingly low. In overall composition, it resembles
much more closely the pancreatic secretion of other mammals
rather than saliva. Despite these differences, it resembles other
salivas in having a potassium concentration that is higher than the

serum level and a positive dependence of sodium and bicarbonate

on flow rate. Potassium, chloride and phosphate, however, are

negatively dependent on flow rate. Very well marked transient

concentrations of all the ions are seen when the flow of saliva is

increased above the basal level by nerve stimulation or the intra-

arterial injection of acetylcholine.

The most interesting feature of the gland is the very striking

change in saliva composition produced by variations in adreno-

cortical function. If a sheep with a parotid fistula is placed on a low

sodium intake, it rapidly becomes sodium-depleted due to the

losses in the saliva. The endogenous secretion of mineralocorticoids

is thereby stimulated and these lead to a change in the composition

of the saliva such that sodium is almost entirely replaced by potas-

sium. In the repleted state, the saliva may contain 10 mEq/1. of

potassium and 190 mEq/1. sodium, but after 4-5 days of sodium

depletion, the saliva potassium commonly rises to 140 mEq/1. and

the sodium falls to less than 60 mEq/1. (Fig. 8.12). This change

does not occur in adrenalectomized sheep maintained on deoxy-

cortone. The effects of sodium depletion can be rapidly reversed

by an intravenous infusion of sodium chloride ; correction of the

salivary electrolytes composition begins after a latent period of

about an hour. These cation changes occur in the absence of any

significant alterations in the anion composition. The parotid gland

of the sheep appears to be a very sensitive assay preparation for

mineralocorticoids (Denton, 1956, 19570, b; Coats and Wright,

1957; Denton and McDonald, 1956; Goding and Denton, 1956).
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CHAPTER IX

THE PROTEINS AND ORGANIC
CONSTITUENTS OF SALIVA

PROTEINS

The proteins of the saliva are complex in origin and nature and
are not adequately described by the old classification of mucins
and albumins. Further, the electrophoretic classification that has

proved useful as a simple description of the plasma proteins helps

rather little in the case of saliva. The beginnings of a system of

mucoprotein classification based on sugar composition is being

worked out by Blix and others but at present is handicapped by

the impurity of the materials to which it has been applied. Indeed,

it seems that progress in understanding salivary proteins will come
only with the development of good methods of separation of the

individual proteins that give adequate recognition to the lability

of the native proteins. In this chapter we will deal with physical

and chemical properties of the bulked or partly purified salivary

proteins as well as with the specific protein components detected

by enzymatic or other reactions.

GENERAL PROPERTIES OF SALIVA PROTEINS

The physical characteristics of saliva are determined by their

protein constituents, for example, dog parotid saliva is usually

limpid with a viscosity only slightly greater than that of water,

whereas submaxillary saliva from the same animal is viscous, sticky

and can readily be drawn out into long threads. These salivas con-

tain comparable total quantities of protein bound carbohydrate;

indeed the concentration in parotid saliva is frequently greater

than in submaxillary saliva. Upon standing at room temperature

for an hour or two the viscosity of submaxillary saliva usually de-

creases considerably so that already under these mild conditions

changes in the saliva proteins have occurred. The gelatinous secre-

tion of the palatine and sublingual glands represents an extreme

of the viscous type of secretion. Ever since the discovery by Tiede-

mann and Gmelin (1826) that most of the viscous material of saliva

169
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could be precipitated by dilute acetic acid, this criterion has been

used as a test for the presence of "mucin". Hammarsten (1888)

made a detailed study of methods of extraction of mucin from the

salivary glands and found that the most satisfactory method was to

extract with cold 0-1-0-2 per cent hydrochloric acid and then

dilute the extract with water when precipitation of the mucin

occurred. By this method 0-1-0-2 per cent of mucin is found in

submaxillary saliva and 0-5-1 per cent in extracts of submaxillary

glands; none is found in either parotid saliva or gland. McCrea

(1953) has found neutral extraction of dried submaxillary glands to

give less degradation of the polysaccharides. Komarov and Stav-

raky (1940) did not find that acetic acid or trichloracetic acid pro-

duced consistent or complete precipitation of the proteins in dog or

cat submaxillary saliva although it produced apparently complete

precipitation of the proteins of parotid saliva. They found that

reliable precipitation was obtained by the addition of two volumes

of acetone acidified with acetic acid. Araki (1951) confirmed this

finding and found that tungstic, metaphosphoric and sulphosalicylic

acids were also unreliable precipitating agents. He found that satura-

tion with ammonium sulphate was as satisfactory as acid alcohol or

acetone. These findings provide a glimpse into the complex species

differences between saliva proteins that make precipitation methods

of doubtful reliability. The safest way to prepare saliva protein

solutions from saliva is by ultrafiltration or equilibrium dialysis

followed by lyophilization. Anomalous precipitation reactions are

commonly found with a variety of mucoproteins and are presum-

ably due to interference with reactions satisfactory for ordinary

proteins by the hydrophilic properties of the carbohydrate residues

in the molecule.

Viscosity in hyaluronate solutions and in synovial fluid has been

studied carefully by Ogston (Ogston and Stanier, 195 1 ; Blumberg

and Ogston, 1958). The hyaluronate particles in solution are very

dilute spheroids in which one gram of solid occupies a solute

volume of 200-500 ml. The viscosity of the solution is due to the

size of the particles and does not become excessive until overlap

between the polymer domains occurs, i.e. when the concentration

is greater than about 1 g/500 ml. In other words, as the molecular

domains overlap, the polysaccharide chains interpenetrate, form

larger aggregates and ultimately a rigid structure within which

virtually all the solvent is trapped. Ogston has come to the conclu-
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sion that molecules having these properties have a voluminous
random coil structure within which large volumes of solvent are

trapped, this is in contrast to the more compact hydrogen bonded
structure characteristic for ordinary proteins in solution. Presum-
ably submaxillary and other viscous salivas contain mucoproteins
with molecular configurations similar to those found in hyaluro-

nate, whereas in the mucoproteins of non-viscous saliva the intra-

molecular structure is determined more by the peptide framework
than by long freely coiling polysaccharide chains.

The property of forming a ' 'mucin clot" with dilute acid appears

to be restricted to acidic mucoproteins, i.e. those with free carboxyl

groups of uronic acids or sulphato groups of sulphohexosamine.

While the free polysaccharide may show this reaction in dilute

solution it usually needs the presence of proteins such as serum

albumin for an insoluble complex to form. The nature of the pre-

cipitate is quite dependent on the character of this adsorbed pro-

tein. For instance, hyaluronate forms a stringy clot in the presence

of native albumin, but a flocculent precipitate in the presence of

partly proteolysed albumin. Komarov and Stavraky (1940) noted

that the saliva produced by sympathetic stimulation of the cat

submaxillary gland gave a flocculent precipitate with acid acetone,

whereas chorda saliva from the same gland precipitated as compact

viscous masses. While part of this difference is probably due to

intrinsic differences in the protein secreted coprecipitation effects

may also be involved.

The multicomponent nature of saliva proteins has been demon-

strated by electrophoresis, ultracentrifugation and immunological

methods (Blix, 1940; Patton, 1956; Patton and Pigman, 1957,

1959; Kostlin and Rauch, 1957; Ferguson, Krahn and Hildes,

1958; Ellison and Mashimo, 1958; Motta and Motta, 1958; Gabl

and Egger, 1959). In the best of the electrophoretic studies 5-9

distinct components were found which differ in submaxillary and

parotid saliva (Figs. 9. 1 and 9.2). In human parotid saliva the major

peak has been identified as amylase (which is not present in all

parotid salivas; v. infra). In submaxillary saliva the major com-

ponent is a mucroprotein of low mobility, presumably a neutral

mucoprotein, but carbohydrate-rich fractions of high mobility

(acidic mucoproteins) are also present. In the ultracentrifuge, paro-

tid saliva shows 4 components (i-i, 2-0, 4-2 and 107—Svedberg

units) and submaxillary saliva 3 components (1-3, 4-1 and u-o



172 Organic Constituents of Saliva

—Svedberg units). Apart from amylase none of these components

has been definitely characterized. By the gel diffusion technique

8 components have been recognized in tests between human mixed

saliva and antisera prepared against it. Of these 4 components

appear also to be present in plasma but the other 4 are not. In

Serum

Parotid

saliva

Submaxillary
saliva • * • I I
Serum

I
Fig. 9.1. Paper electrophoresis of human parotid and submaxillary saliva

compared with blood serum. Michaelis buffer pH 8*6.

(Kostlin and Rauch, 1957.)

multiple myeloma the characteristic abnormal serum proteins have

also been found in the saliva (Gabl and Egger, 1959).

Logically studies of the composition of salivary proteins should

be preceded by their isolation in the pure state, but so far this

has been accomplished only in the case of amylase and lysozyme,

neither of which are mucoproteins. All studies on "mucin" have

been carried out on impure fractions often prepared by methods

that we know produce partial degradation. Indeed glycoside bonds
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are quite readily hydrolysed under the acid conditions commonly
used for isolation of mucins.

On the basis of chemical studies, mucoproteins from various
sources have been divided up into three broad classes.

(«)

Albumin
P Point of

application

(b)

Fig. 9.2. Densitometry of paper electrophoretograms of (a) human parotid

saliva: the peak marked A contains the amylase activity, (b) human submaxillary

saliva.

The arrow marks point of application, note that some fractions move towards the cathode.

The notations Alb, a,, a,, ft indicate the portions of these fractions in plasma (Kosthn and Rauch,

1957).

i. Fucomucins—composed of about equal amounts of fucose

(6-deoxygalactose), glucosamine, galactosamine and galactose.

2. Sialomucins—probably composed exclusively of sialic acid

and N-acetylgalactosamine.

3. Mucoitin sulphuric acid—composed of equal amounts of N-

acetyl-glucosamine, glucuronic acid, and sulphuric acid.
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These classes do not account for the consistent presence of

mannose and glucose and occasionally ribose in hydrolysates of

mucin. Presumably there is at least one more chemical class of

mucin (Blix, 1940; Blix, Svennerholm and Werner, 1952; Werner,

1953; Kent and Whitehouse, 1955; Odin, 1958).

There is no evidence that mucoitin sulphuric acid is a normal

constituent of saliva as neither isolated salivary mucin nor, saliva

contain appreciable amounts of ester sulphate (Blix, 1936; Meyer,

1945 ; Knox and Still, 1953). The high sulphur content reported in

samples of "isolated mucin" (for instance by Komarov and Stav-

raky, 1940) is due to the presence of sulphur containing amino-

acids. It is interesting that both the other mucoprotein classes are

characterized by a high proportion of sugars with the galactose

configuration (i.e. galactose, 6-deoxygalactose, galactosamine and

galacturonic acid). The sialomucins are quite labile and readily

lose sialic acid in mild acid solutions. They are probably a major

constituent of submaxillary saliva proteins but their presence in

parotid saliva in man or animals does not seem to have been

looked for. Bovine submaxillary mucin prepared by McCrea's

method contained 27-5 per cent sialic acid, 12 per cent galacto-

samine, 4 per cent glucosamine and 3-5 per cent galactose and

fucose (Odin, 1958). The glucosamine and fucose content is prob-

ably due to admixture of some fucomucins with the predominant

sialomucins. On the other hand a typical fucomucin from a pseudo-

mucinous ovarian cyst contained 19 per cent hexosamine, 10 per

cent galactose, 9 per cent fucose and i-6 per cent sialic acid. An
important fucomucin present in submaxillary saliva has blood

group properties.

Sialic acid. Sialic acid was originally crystallized from a material

released from a mild acid hydrolysis of submaxillary mucin. In its

reactions it resembles N-acetyl-hexosamine but gives an Ehrlich

reaction without alkali pretreatment and a purple colour with

orcinol. This acid has been identified in many muco- and glyco-

proteins, including submaxillary mucin, nasal, tracheo-bronchial,

gastric and intestinal mucus, brain ganglioside, urinary mucopro-

tein, erythrocytes and amyloid substances (Klenk, 1941, 1958;

Werner, 1953; Zilliken, 1956; Zilliken and Whitehouse, 1958;

Gottschalk, i960).

The structure of sialic acid seems now to be well established as

a substituted 9 carbon amino-ketoseuronic acid of a quite novel
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type. Cornforth, Daines and Gottschalk (1957) have obtained this

substance in low yield on heating N-acetyl-glucosamine and oxa-
lacetic acid ; further, on treatment of sialic acid with Vibrio cholerae

extracts, it is enzymatically split into N-acetyl-D-glucosamine and
pyruvate (Heimer and Meyer, 1956), so that sialic acid can be
regarded as an aldol condensate of these two substances. The name
agreed upon by most of the workers in the field is neuraminic

acid for the unsubstituted acid (R x
= R 2

= H); the substituents

CHOH
/ \

H 2C CHNHR t

OH
I IV I

)C CH—CH—CHOH—CHoOH

COOH ° ORo

Neuraminic acid

in Rj and R
2 vary. Human and sheep sialic acids have an N-acetyl

substituent, pig an N-glycolyl and cow and horse 0,N-diacetyl

substituents ; the latter are not identical but differ in melting point,

optical activity and X-ray spectra, presumably they are stereoiso-

mers (Blix, Lindberg, Odin and Werner, 1956; Svennerholm,

1956).

Since the neuraminic acids are strongly reducing and the mucins

are not, glycoside formation between neuraminic acid and other

sugar residues must occur through the 2-keto group. On mild

hydrolysis of mucin in hot water or enzymatic hydrolysis with

V. cholorae extracts ("Receptor destroying enzyme" or RDE) or

influenza virus (Gottschalk, 1957) the only soluble material re-

leased may be neuraminic acid in amounts up to 50 per cent of

the total present in the unhydrolysed mucin or roughly 10 per

cent by weight of submaxillary mucin. It seems likely therefore

that much of the neuraminic acid in mucin is terminal. With more

vigorous hydrolysis some of the neuraminic acid is recovered as

the glycoside neuraminyl-N-acetyl-galactosamine (Gottschalk,

1958). It is possible that the major part of the carbohydrate of

mucin consists of these short disaccharide units covalently bound

to peptide side chains. The nature of the bond between glycosides

and amino-acids is at present quite obscure. The presence of neur-

aminic acid in a mucoprotein gives it strong acidic properties since

the pK' of neuraminic acid is about 27. The major component
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of the high mobility mucoproteins found on electrophoresis of

saliva is a sialomucin. The inhibitory action of mucin and other

neuraminic acid containing substances on the haemaglutination

produced by some viruses (e.g. influenza) is due to the presence in

these organisms of an enzyme (neuraminidase) with an affinity

for neuraminyl terminal groups and the power to hydrolyse the

glucoside linkage joining neuraminic acid to the next carbohydrate

residue. Mucin prevents haemagglutination by providing neura-

midyl groups which compete with those on the red cells for the

virus neuraminidase (Gottschalk, 1954, 1958).

BLOOD GROUP SUBSTANCES

Soluble blood group specific substance is present in human sub-

maxillary saliva (Landsteiner and Harte, 1941). This substance has

the same characteristics as the agglutinogen on the erythrocyte

and may be demonstrated by direct precipitin reaction with type

specific sera or by inhibition of red cell agglutination. It is not

precipitated by trichloracetic, picric or sulphosalicylic acids but is

quantitatively precipitated by alcohol (see comprehensive review

by Kabat, 1956).

Blood group substances are present in the submaxillary saliva

from all individuals but if the red cells have the Lea antigent the

saliva contains Lea substance rather than A, B or O (H). Purified

blood group substances from saliva seem to be typical fucomucins

and there is rather little difference in gross chemical composition

between A, B, AB, H and Lea substances (Morgan and Watkins,

1959). The purified materials contain 14-19 per cent of fucose and

24-32 per cent of hexosamine. By controlled hydrolysis, some

disaccharides are produced and may be isolated. For instance, the

following disaccharides were isolated from Group A substance:

1. a-galactosyl 1 ->3 N-acetyl galactosamine.

2. /^-galactosyl 1 ^3 N-acetyl galactosamine.

3. /^-galactosyl i->4 N-acetyl galactosamine.

4. a-N-acetylgalactosaminyl 1 ->3 galactose.

5. /?-N-acetylgalactosaminyl 1 -x$ galactose.

6. a-fucosyl 1 ^6 N-acetylglucosamine.

This type of work may lead to the establishment of sugar sequences

in the blood group substances comparable to that already success-

fully achieved for the amino-acid sequences in a number of pro-
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teins. The establishment of the end group character of sialic acid

in submaxillary mucin has been mentioned above. Similar work
on the blood group substances with enzymes from Trichomonas

foetus and CI. welchii lead to release of fucose from H substance,

oc-galactose from B substance and both fucose and ^-galactose

from Lea substance.

The concentration of blood group substance in saliva is com-

Fig. 9.3. Human submaxillary gland from a subject of erythrocyte Group A.

Stained with anti A-fluorescein conjugate by Coon's technique. Note the high concentration

of A substance in the mucous cells and absence from serous cells or ducts. (Glynn and

Holboron, 1959.)

monly of the order of 10-20 mg/1. It is therefore only a relatively

minor constituent of the total protein in saliva. In man very little

activity is found in extracts of parotid gland (Hartmann, 1 941) as

compared to submaxillary and the A substance cannot be detected

in parotid saliva (Burgen, unpublished). Glynn and Holborow

(1959) have studied the distribution of blood group substance in

the human saliva glands using Coon's fluorescent antibody tech-

nique and found strong staining specifically in the mucous cells of

the submaxillary gland with no staining in the duct cells (Fig. 9.3).

P.S.G.—

N
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In the parotid gland no specific staining for blood group substances

was found. It appears therefore that in man the blood group sub-

stances are specifically secreted by the mucous cells of the sub-

maxillary gland. Blood group substances have also been reported

in the saliva of the horse, pig, cow, rabbit, sheep, goat, dog, ele-

phant, guinea pig and monkey. In man secretion appears to be

limited to the A, B, O and Lea substances.

AMYLASE

The discovery of amylase in saliva is usually attributed to

Leuchs (1831) but was actually described earlier by Tiedemann

and Gmelin (1826). Amylase is present in the saliva of many
species including man, apes, guinea pig, mouse, rat and rabbit but

is absent or present only in very low concentrations in the parotid

and submaxillary saliva of the dog, cat, cow, horse, sheep and goat.

The absence of the enzyme in the saliva of some herbivores sug-

gests that salivary digestion of starches is not of great importance.

In the parotid saliva of man amylase is the major single protein

component (Ferguson, Krahn and Hildes, 1958; Kostlin and

Rauch, 1957; Patton and Pigman, 1957). Amylase is present in

human saliva at birth but its concentration is very low and only

reaches near adult levels towards the first year of life (Nicory, 1922

;

Mayer, 1929). In human parotid saliva, the concentration of amy-

lase is virtually independent of the rate of saliva secretion (Fergu-

son, Krahn and Hildes, 1958) but a transient reduction in salivary

amylase occurs in man after internal radiation to the gland with

I 131 (Schneyer, 1953). In the mouse the amylase content of the

salivary glands is only slightly dependent on sex or maturity, sug-

gesting that it is not secreted by the granular tubule (see page 31)

(Junqueira, Fajer, Rabinovitch and Frankenthal, 1949; Reynaud

and Rebeyrotte, 1949).

Amylase is readily crystallized from saliva following successive

acetone and ammonium sulphate precipitations (Meyer, Fischer,

Staub and Bernfeld, 1948) and is a carbohydrate-free protein

(Muus, 1954) with a pH optimum of 6-9 and a requirement for

chloride ions in order to reach full activity. Bromide, nitrate and

iodide will replace chloride but yield a lower activity (Bernfeld,

Staub and Fischer, 1948). There is only one amylase in saliva, be-

longing as do all other animal amylases to the class of a-amylases

which specifically split 1 : 4-glycoside linkages. In linear starch and
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glycogen molecules amylase attacks the molecule at multiple points

leading to the formation of dextrins (6-8 glucose units) which are

unable to give a blue colour with aqueous iodine, these are split

finally to about 87 per cent of maltose and 13 per cent glucose.

In the more common branched amylases, the branching occurs

through 1 : 6 linkages which are not susceptible to amylase action

so that the hydrolytic products also contain iso-maltose (6-gluco-

sido glucose) (Myrback and Neumiiller, 1950). Amylase release

from salivary gland has been studied in vitro (Hokin and Hokin,

1954; Hokin and Sherwin, 1957) and in vivo by Schneyer and
Schneyer (1956). Variation in the amylase content of the salivary

glands in different genetic mouse strains has been reported

(Schneyer, 1958).

LYSOZYME

Fleming (1922 ; Fleming and Allison, 1922) found that the saliva,

tears, nasal mucus and serum as well as extracts of many tissues

were capable of lysing certain bacteria. The substance responsible

had enzymatic properties and was named lysozyme. A similar sub-

stance is present in egg white and certain plant materials. This

substance has been isolated in crystalline form from egg white and

spleen (Alderton, Ward and Fevold, 1945; Jolles and Fromageot,

1954) as a small protein of molecular weight 14,000 to 15,000 with

an alkaline isoelectric point. The two lysozymes differ in amino-

acid composition. Cat and human saliva lysozymes which have

not so far been obtained pure can be distinguished immunologic-

ally (Roberts, Macgraith and Florey, 1938). The term lysozyme,

therefore, applies to a family of substances. Lysozyme is bacterio-

lytic for organisms belonging to the genera Bacillus, Micrococcus,

Staphylococcus, Streptococcus, Proteus and Brucella. Lysis occurs

due to hydrolysis of a constituent of the bacterial wall which ap-

pears to be a mucoprotein from which the enzyme is able to split

off N-acetyl-hexosamine and oligosaccharides containing N-ace-

tyl-hexosamine and a keto hexose (Meyer, Palmer, Thompson and

Khorazo, 1936; Epstein and Chain, 1940; Salton, 1957). Measure-

ment of the lysozyme concentration in saliva is difficult because of

the strong tendency of lysozyme to form inactive complexes with

acidic polymers such as the sialomucins as well as due to inter-

ference by soluble substrates in the saliva. The enzyme is present

in both parotid and submaxillary saliva in man and in animals
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(Hoerman, Englander and Shklair, 1956) and can be separated

electrophoretically because it behaves as a cation at the usual pH
employed for electrophoresis (Kinersley and Hogberg, 1955). The
contribution of lysozyme to the antibacterial properties of saliva

is still under debate (Thompson, 1940; Salton, 1957).

KALLIKREIN AND FACTORS CONCERNED IN BLOOD
COAGULATION

Injection of saliva intravenously produces a short-lived fall of

blood pressure (Seeker, 1934; Feldberg and Guimarais, 1935).

This effect was analysed in detail by Werle (Frey, Kraut and

Werle, 1950; Werle, 1955) who showed that an enzyme in saliva

and other body fluids and tissues acted on a plasma protein setting

free a vasodilator polypeptide. The enzyme is called kallikrein and

the polypeptide kallidin. Kallidin appears to be identical with

bradykinin and the common name of plasma kinin has been

adopted for this peptide. Kallikrein is found in both submaxillary

and parotid secretion in man, cat, dog and cow, but not in the

horse. The enzyme has also been detected in the perfusate from

Ringer perfused salivary glands (Werle and Roden, 1939). Hilton

and Lewis (1957) have proposed that kallikrein release is respon-

sible for the functional vasodilatation in the salivary gland during

activity (see page 131) and have also shown the presence of a

kinin-destroying enzyme in saliva. Presumably both kinin produc-

tion and destruction are due to the presence of proteolytic enzymes

in saliva, but these must be quite specific in their action since

they are unable to hydrolyse serum albumin, casein, or benzoyl

arginamide. The mechanism of vasodilatation in horse salivary

glands should be studied in view of the apparent lack of kallikrein

in these glands.

Albrechtsen and Thaysen (1955) have examined human saliva

for components of the fibrinolytic system and have found large

amounts of proactivator, traces of activator, but no plasminogen.

Resting saliva contained more proactivator than did stimulated

saliva. Nour-Eldin and Wilkinson (1957) examined saliva for

blood-clotting factors and found activity comparable to that clas-

sified in plasma as Christmas factor, antihaemophilic globulin and

platelet factor, but no trace of factors V or VII. Saliva can replace

platelets in the thrombin generation test but not in thromboplastin

generation. Glazko and Greenberg (1939) had found a thrombo-
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plastin-like activity in saliva, presumably this can be equated with

the platelet factor of the later workers.

IODOPROTEINS

In the dog, radioactive iodine is incorporated into some of the

proteins secreted by the parotid gland (Burgen, Weiss and Weiss,

1959). Frequently over 50 per cent of the total iodine secreted is

so bound and cannot be extracted by butanol or other organic

solvents. After tryptic digestion of the proteins and chromato-

4«r
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Fig. 9.4. Protein concentration in successive 5 -ml. portions of saliva secreted

by the dog submaxillary gland.

Data of Anrep (1921).

graphy most of the iodine is found as monoiodotyrosine and small

amounts as di-iodotyrosine but no detectable amounts of thyro-

nines. Presumably the iodotyrosines are present in the peptide

structure of the proteins. The organic incorporation of iodine is

inhibited by thiouracil and other drugs which can block incor-

poration of iodine in the thyroid gland. This iodine-containing

protein represents only a small proportion of the total salivary

protein as judged by paper electrophoresis since the peak of radio-

activity is found to lie between the three main peaks of protein

concentration present in dog parotid saliva.

No organic iodine is present in human saliva (Ferguson, Krahn

and Hildes, 1958) but organic iodine compounds perhaps similar



1 82 Organic Constituents of Saliva

to those produced by the dog, are formed by slices of the rat sub-

maxillary gland in vitro (Taurog, Potter, Tong and Chaikoff,

1956). An iodine protein apparently similar to that present in the

saliva has been found in milk from several species (Brown-Grant

and Galton, 1958).

TOTAL PROTEIN SECRETION

It has been known for a long time that the concentration of

protein in the saliva is in general dependent on the rate of saliva

secretion, and also that the concentration in the saliva is progres-

sively lowered during prolonged stimulation of the salivary gland

(Heidenhain, 1883; Langley, 1898). Anrep (1921) found that the

protein concentration in the saliva from the submaxillary gland of

the dog fell exponentially with the duration of stimulation (Fig. 9.4),

a circumstance that is to be expected if the rate of protein syn-

thesis by the gland is very low compared with the rate of protein

secretion, so that secretion represents (for a given rate of nerve

stimulation) removal of a fixed fraction of the available proteins

stored in the gland per unit time. Anrep's experiments showed

that about 20 per cent of the protein nitrogen of the resting gland

was available for secretion; similar results have been obtained in

the dog parotid (Burgen, Weiss and Seeman, 1959). Anrep and

Khan (1923) found that restitution of the protein content of the

saliva was very slow, needing some 48 to 72 hours for completion.

Langstroth, McRae and Stavraky (19380) provided an empirical

mathematical basis for following the concentration of protein in

the saliva at different phases of secretion. Stavraky (1940) pointed

out that after prolonged stimulation the concentration of protein

in saliva does not fall to zero but reaches a steady state presumably

determined by a balance between the rate of synthesis and secretion

of protein.

In Fig. 9.5 is seen a typical relationship between protein output

and the flow of saliva. The concentration in the saliva rises more

or less linearly with flow so that the total output of protein per

unit time rises steeply with flow rate. The output of protein is not

necessarily related to the flow of saliva but is rather a direct func-

tion of the stimulation of the gland. The following fact illustrates

this: in a dog parotid gland the maximum rate of saliva flow is

usually produced when the rate of stimulation of the auriculo-

temporal nerve reaches 20 to 30 c/s, but further increase in fre-
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quency up to 50 c/s increases the concentration and output of

protein without further increase in the flow of saliva (Burgen,

Weiss and Seeman, 1959). In human parotid secretion protein

concentration seems less closely affected by rate of secretion (Fer-

guson, Krahn and Hildes, 1958). More detailed analysis of the

output of protein from the dog parotid gland shows at the begin-

ning of stimulation a short transient of high protein concentration

200 300
Saliva flow rate ml/g min

Fig. 9.5. Dog parotid secretion. Auriculo-temporal stimulation.

concentration of protein in saliva when saliva flow rate was altered by changing

rate of nerve stimulation. — minute output of protein in the saliva.

followed by a minimum and the rather slow subsequent develop-

ment of a steady protein concentration over the following 30 to 100

seconds (Fig. 9.6). The earlier protein peak (Px ) is relatively inde-

pendent of stimulation conditions and cannot be exhausted by

repeated periods of stimulation, but on the other hand is highly

dependent on the rest period following the previous period of

stimulation. From its time of appearance and these characteristics

it appears to result from a continuous secretion of protein from

duct cells. In contrast the late phase of protein secretion can readily

be exhausted by repeated stimulation and is dependent on stimu-

lation frequency; it appears to be the result of acinar secretion

of protein. The relatively long latency during which it develops
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reinforces the conclusion drawn above that the control of protein

secretion is not directly dependent on water secretion.

In the submaxillary gland in both the cat and the dog stimula-

tion of the sympathetic nerves produces a saliva rich in protein in

which both the character and the concentration of the protein are

relatively independent of the secretion produced by parasympa-

thetic stimulation in the same gland (Langstroth, McRae and

Stavraky, 1938&; Kesztyiis and Martin, 1937; Komarov and

Stavraky, 1940; Stavraky, 1940). For instance, when repetition of

200 600uL 100° 1400

20 60 8040

Sec
Fig. 9.6. Dog parotid. Auriculo-temporal stimulation at 10 c/s. Single drops

of saliva analysed.

A rest period of 40 minutes had been allowed since the last period of stimulation. Note that
very soon after the start of stimulation a high peak of protein (1-5°,,) concentration (PJ is reached
followed by a minimum (o-i5° ) and then the gradual establishment of a steady protein concen-
tration. The concentration of protein in P x is dependent on the duration of the rest period.

chorda stimulation has reduced the protein concentration of the

saliva to a low level sympathetic stimulation can still lead to a

saliva relatively rich in protein. In addition, the protein produced

by sympathetic stimulation appears to differ in physical and pos-

sibly chemical properties from that produced by chorda stimulation,

although it is not possible to say whether this is due to the addition

of a specific component or merely to a change in the proportions of

proteins present. In any case since there is evidence (Ch. Ill) that

the sympathetic and parasympathetic nerve fibres innervate the

same cells within the gland this difference must be explained as the

result of specific effects by the autonomic transmitters on extru-

sion of particular intracellular materials.
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AMINO-ACIDS

The concentrations of free amino-acids in human saliva have

been measured by microbiological assay and by paper and column
chromatography (Kirch, Kesel, O'Donnell and Wach, 1947, 1953;
Berry, 1951; Moor and Gilligan, 1951 ; Berry and Cain, 1951

;

Capozzi, 1954; Woldring, 1955; Rose and Kerr, 1958). Free

amino-acids are present in saliva although in concentrations lower

than in plasma. For the most part the concentrations are of the

order of 10-20 per cent of the plasma level, but higher percentages

have been reported for glycine, histidine, isoleucine and tyrosine.

In addition, quite large amounts of y-amino glutamate, taurine

and O-phosphoethanolamine are found in both parotid and sub-

maxillary salivas and indeed represent the most intense ninhydrin-

positive spots on the paper chromatogram. In submaxillary saliva

part of the O-phosphoethanolamine appears as the hydrolytic

product ethanolamine due to the action of the weak alkaline phos-

phatase present in the saliva. When the level of free amino-acids

in the blood is raised, the concentrations in the saliva follow the

plasma levels passively. Rose and Kerr found no appreciable

change in the saliva amino-acid pattern in patients with cystinuria

and hypophosphatasia. They also found that the concentration of

amino-acids was lower when the salivary flow rate was high than

when it was low. Martin (1959) has found that with the exception

of proline and hydroxyproline which are present in saliva at about

half the plasma concentration, all the other amino-acids in dog

parotid saliva are present at less than 10 per cent of the plasma

level. Phosphoethanolamine, taurine and y-amino glutamate are

not present in appreciable amounts in dog saliva. Rather higher

concentrations of all the amino-acids were found in dog submaxil-

lary saliva. Intra-arterial injection of C 14-valine, tyrosine, methio-

nine or isoleucine into the arterial supply to the parotid gland did

not lead to the appearance of detectable amounts of either free or

protein-bound labelled amino-acids in the saliva within two min-

utes of injection. This means either that a relatively large amino-

acid pool exists in the salivary gland to supply immediate needs

for protein synthesis or that the amino-acid is effectively trapped

by a peptide synthesis within the gland with delayed release of

the protein. Amberson and Hober (1932) found the perfused cat

submaxillary gland to be impermeable to glycine and alanine.
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In summary it appears that the salivary a-amino-acids are de-

rived from plasma amino-acids because they reflect the plasma

concentrations quite accurately, but in addition in human saliva

three non-a-amino-acids are present in high concentration and are

probably the product of gland metabolism.

GLUCOSE

The absence of appreciable amounts of glucose in normal saliva

has generally been reported (Pearce, 1916; Johns, 1933; Morris

and Way, 1924; Hebb and Stavraky, 1936; Langley, Gunthorpe

and Beall, 1958; Pigman and Hawkins, 1958). Pigman and Haw-
kins, using chromatographic analysis, found no trace of free

30
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Blood glucose mg/WOml.

Fig. 9.7. Concentration of glucose in cat submaxillary saliva as the blood
glucose concentration was raised.

No significant concentration was found when the blood level was less than about
300 mg/100 ml. (data of Hebb and Stavraky, 1936).

glucose, glucosamine, N-acetyl-glucosamine or other reducing

monosaccharides in saliva, the small amount of dialysable reducing

substance present appeared to be a mixture of oligosaccharides.

Amberson and Hober (1932) found that small amounts of glucose

passed into the saliva in their perfused submaxillary preparations.

Hebb and Stavraky (Fig. 9.7) found that when the blood-sugar

level exceeded 300 mg/100 ml. small amounts of glucose ap-

peared in the saliva, and were proportionate to further increase in

the blood concentration. The amounts found were relatively small,

for instance at a plasma glucose level of 500 mg/100 ml. the saliva

glucose was only 25 mg/100 ml. Langley, Gunthorpe and Beall
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similarly found that in the dog parotid stimulated by pilocarpine

the glucose threshold averaged 500 mg/100 ml. Hebb and Stavraky

also made the interesting observation that administration of enough
adrenaline to cause a flow of saliva resulted in the appearance of

large amounts of glucose in the saliva, and that this increased

glucose permeability persisted for many hours after the initial

adrenaline injection. Sympathetic stimulation was not effective in

producing this response, but the adrenaline effect was not purely

pharmacological as was shown in experiments in which cats were

exposed to cold and were found to have glucose in their saliva due

to endogenous adrenaline release. Noradrenaline is less effective

(Martin, 1959) in producing this response and perhaps the ineffec-

tiveness of sympathetic stimulation may be due to release only of

noradrenaline by the nerve terminals. This effect of adrenaline

is not peculiar to the submaxillary gland of the cat but is also

found in the dog submaxillary and blood glands and affects the

concentrations of amino-acids, creatinine, sucrose, electrolytes and

probably other constituents of saliva as well as glucose (Martin,

1959; Langstroth, McRae and Stavraky, 19386). It has recently

been found (Langley, Gunthorpe and Beall, 1958) that the sali-

vary glucose threshold is considerably lowered in dogs made dia-

betic with alloxan and is raised by insulin administration. Pearce

(191 6) claimed that phloridzin caused glucose to appear in saliva

in a proportion of dogs to which it had been given in doses large

enough to produce glycosuria.

The relationship of saliva glucose to carbohydrate metabolism

both within the gland and in the body as a whole is a problem of

considerable interest. Johns (1933) has reviewed the fascinating

but conflicting clinical evidence showing a relationship between

pathological changes in the parotid gland and alterations in sys-

temic glucose metabolism.

ASCORBIC ACID

Ascorbic acid appears to be present in saliva although concen-

trations are smaller than in the plasma (Stuteville, 1935; Freeman

and Hafkesbring, 1951).

ORGANIC NON-ELECTROLYTES

Systematic studies of the permeability of the salivary glands to

organic non-electrolytes have been carried out by Amberson and
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Hober (1932) and Burgen (1956). They found that small molecules

of high lipoid solubility penetrated into the saliva with ease but

that when the molecular radius exceeded 3-2 A, or the oil/water

distribution ratio was less than o-ooi, only small amounts ap-

peared in the saliva. For example, the minimum saliva to plasma

ratio for mannitol was 0-02, for creatinine 0-05, glycerol o-io, and

co-

40-

30-

io

Fig. 9.8. Results showing relation between saliva-plasma ratios X 100 for

ten non-electrolytes in dog parotid saliva secreted at different rates.

Ordinates: Saliva-plasma ratio X ioo.
Abscissae: Saliva flow as % of the maximum rate.

Flow rate varied by changing the frequency of auriculo-temporal stimulation. Maximum rate

averaged 0-55 ml./g./min.
1, thiourea; 2, ethylurea; 3, N-methylurea; 4, urea; 5, glycerol; 6, chloramphenicol; 7, 4-acet-

amidoantipyrine, 8, creatinine; 9, methenamine; 10, mannitol (Burgen, 19566).

urea 0-4; sucrose was not detectable at all in the saliva. On the

other hand, the lipoid soluble molecules acetamide, propionamide,

butyramide and malonamide passed into the saliva quite easily.

Killman and Thaysen (1955) found that in a series of sulphona-

mides the ease of penetration into the saliva could be related to the

percentage of non-ionized form of the molecules present. They
also found that traces of p-aminohippurate appeared in saliva but

that inulin did not. Burgen analysed in detail the behaviour of ten
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non-electrolytes (Fig. 9.8) as a function of salivary flow rate and
found that the results could best be interpreted on the assumption

of two routes of transfer, one, a fixed permeability through which
movement of the substance depended mainly on its lipoid solu-

bility, and a second whose permeability increased with flow rate

and through which the movement of molecules depended mainly

on their radius. Subsequent analysis by Burgen and Seeman (1958)

suggests that this second path is in the duct system. There are in

the literature numerous reports of the presence in saliva of anti-

biotics, vitamins, and miscellaneous organic molecules but few of

these have been studied in any detail (for a comprehensive biblio-

graphy see Pigman and Reid, 1952). The concentrations of most

of these substances in the saliva can be predicted from the rules

given above.
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CHAPTER X

THEORIES OF SECRETION

GENERAL CONSIDERATIONS

In the enumeration of the more abundant saliva constituents (in

Chapters VIII and IX) it was repeatedly brought to the attention

of the reader that the amounts of these substances in the saliva

were dependent on the nerve stimulated (whether sympathetic or

parasympathetic), the frequency of stimulation, the previous secre-

tory history of the gland, the plasma composition, as well as other

variables. In addition, the secretory products of the submaxillary,

parotid and other glands differ amongst themselves. Saliva is not a

simple fluid, the salivary glands are morphologically complex, and

we must expect that the secretory process will not be simple either.

None of the present theories of salivary secretion are adequate to

account for all the phenomena encountered, and the object of this

chapter will be to examine critically their merits and defects.

The most deeply entrenched prejudice about salivary secretion

is that the acini are the main or sole begetters of the secretion.

Later in this chapter abundant evidence will be presented that the

salivary duct system is not a passive tube but plays a complex role

in salivary secretion. We may, for the moment, however, assume

the role of the devil's advocate and ask what evidence there is that

the acini have any important part to play in secretion. In both rats

and dogs at birth, the acini are primitive or altogether absent

(Leeson and Jacoby, 1959; Wechsler, i960), while the ducts, al-

though differing from the adult in some particulars, show a con-

siderable degree of elaboration. Secretion of saliva in the new-born

animal is as abundant as it is in the mature one. It seems, therefore,

very probable that most of the water of the saliva is secreted by the

ducts in the immature animal. What of the mature animal? Does

this capacity to secrete water disappear with the onset of maturity

or is it a persistent process in the adult gland? There are other

features of the gland which suggest a less important role for the

acini than the ducts; the ducts have a very rich blood supply,

probably richer than that of the acini (see page 15) and the duct

i95
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cells are much richer in mitochondria and succinic dehydrogenase

than the acinar cells. These latter features are both good indica-

tions that the respiratory activity of the duct cells is higher than

that of the acinar cell and suggest that duct cells may have an

important role to play in material transfer. It is interesting at this

point to compare the salivary gland with the aglomerular kidney

found in some fish which is a simple tubule capable of secreting a

complex mixture of water, electrolytes and organic substances ; in-

deed, the histological resemblance between the tubules of these

kidneys and the striated tubule of the salivary gland is very strik-

ing. Against these arguments there is no reasonable doubt that

degranulation of acinar cells occurs during stimulation and that

the liberated granules can be seen to enter the acinar saliva (see

for instance Holtzlohner and Niessing, 1936, and numerous other

authors) ; secondly, soluble blood group substances that are secreted

in the saliva apparently take origin only from the mucous cells

of the submaxillary gland and are not present at all in the duct cells

(Glynn and Holborow, 1959). At the very least, enough water must

be secreted by the acini to carry these products into the saliva.

This fundamental question of the proportion of the salivary water

secreted through different routes remains uncertain and a quanti-

tative evaluation must await the development of new techniques.

Theories of secretion based on the comparison of the histological

structure of various glands with the chemistry of their secretion

have been widely adopted but the evidence on which they have

been based is of the flimsiest. The suppositions made are that a

specific cell type carries out a single function and further that a

cell whose appearance differs from this cannot carry out this func-

tion. Against this it may be noted firstly that even the basic facts

on which these theories are based are shaky. For instance, it has

been suggested that the cat sublingual gland produces an isotonic

saliva because it lacks an organized striated duct epithelium whose

function is supposedly to reabsorb sodium and chloride (Lundberg,

1958); yet the human sublingual gland which apparently is just

as poor in striated duct cells can produce a saliva as hypotonic as

the parotid gland (Kostlin and Rauch, 1957). Cohen and Myant

(1959), in a study of the comparative physiology of iodide secretion

in the salivary glands, point out that they could find no correlation

between the histology of the glands in different species and their

ability to concentrate iodide. Unfortunately, cytological theories



Electrophysiology of the Glands 197

will continue to be widely adopted because of their apparent

simplicity and because of the long tradition going back to Heiden-
hain and Merkel which has hallowed them.

We have not attempted in the rest of this chapter to undertake

a comparison of salivary secretion with that of other glands be-

cause, although there are obvious similarities in the ground plan

of most secreting glands, so little is known of secretion in these

other structures.

ELECTROPHYSIOLOGY OF THE SALIVARY GLANDS

It was originally found by Bayliss and Bradford (1885) that a

potential difference appeared between an electrode placed on the

convexity of the submaxillary gland and one placed on the hilus

when secretion was produced by stimulation of the chorda tym-

pani. It was quickly established that this potential was not due to

a change in blood flow because amongst other experiments, the

administration of atropine in a dose sufficient to abolish secretion

; 10 1 Cat submaxillary electrogram in response to chorda stimulation.

One electrode was placed on the gland convexity and the other close to the

hilus.

Hilus positivity corresponds to an upward deflection on the "cord. The i^^^ successive

ones from the same gland, showing the great variation in response (Lundberg, IQ55).
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also prevented the potential from appearing while the vasodilator

action was not markedly affected. The potential was also not due

primarily to flow of secretion since essentially the same changes

were found when the duct was clamped and saliva not per-

mitted to flow. There seems little doubt that the gland electro-

gram is a concomitant of secretory activity in the gland cell

(Bayliss and Bradford, 1886; Bradford, 1887, 1888; Harreveld,

I930)-

The electrogram has subsequently been studied by other workers

and the results obtained comprehensively reviewed by Langen-

skiold (1941) and Lundberg (1958). Both parasympathetic and

sympathetic stimulation yields complicated potential patterns dur-

ing and following stimulation (Figs. 10. 1 and 10.2). Apart from

the initial sign of the potential which is consistent, the rest of the

complex is extremely variable between individual glands and is

Fig. 10.2. The same gland as Fig. 10. 1 but responses to stimulation

of the cervical sympathetic nerve.

(Lundberg, I955-)
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also changed during repeated periods of stimulation. In the cat

submaxillary gland with chorda stimulation, the complex com-
mences with a hilus positive potential after a latency of 0-2-0-6

seconds ; with sympathetic stimulation the latency is a little longer

but the initial deflection is also hilus positive. On the other hand,

in the sublingual gland, the initial potential is hilus negative with

both sympathetic and parasympathetic stimulation and the form
of the complex is simpler than in the submaxillary gland. Despite

valiant attempts, analysis of the external salivary electrogram has

not yielded results useful in explaining secretory activity but the

presence of such electrical activity has encouraged the develop-

ment of more sensitive methods of study. Lundberg (1955) ex-

plored the cat submaxillary gland with intracellular microelec-

trodes and was able to distinguish with them three types of

potentials generated within cells.

The first and commonest type (Type I) was obtained from cells

near the surface of the gland, some of which could be seen under

direct vision to be acinar cells. The resting potential across the

Fig. 10.3. Intracellular potentials in the cat submaxillary gland obtained from

acinar cells (Type I potentials), (a) Potential jump on inserting electrode in the

cell and the response to single shocks applied to the chorda, (b) The same type

of cell as in (a).

During the period marked by a white line at the upper margin of the figure, the cervical sym-

pathetic was stimulated at 25 c/s: during the period marked by a white line at the lower margin

the chorda was stimulated at 25 c/s (Lundberg, 1055)-
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outer face of these cells averaged — 22 mV (range —15 mV to

— 35 mV). On stimulation of the chorda with single shocks the

internal negativity increased by 5 to 20 mV after a latency of 0-2

to 0-4 second and then returned to the initial potential level in

about a second. With repetitive stimulation, the membrane was

hyperpolarized by as much as 40 mV although 25 to 35 mV was

more usual. With continued stimulation, the potential was main-

tained and on cessation of stimulation, the potential returned to

the initial value in 2 to 5 seconds (Fig. 10.3). Single shocks to the

cervical sympathetic produced no electrical changes but with repe-

titive stimulation, a hyperpolarization similar to that produced by

chorda stimulation was seen; usually the latency was longer and

the magnitude of the potential change smaller than that of the

chorda. Similar changes in potential were produced by adrenaline,

acetylcholine or pilocarpine.

In cells near the surface of the gland, a second type of potential

(Type II) was also found but the structure in which it is developed

has not yet been identified. The resting potential was of the same

order as in Type I cells and on stimulating the chorda a hyper-

polarization of 15 mV to 20 mV occurred (Fig. 10.40). The latency

was brief but the potential rose slowly (only 15 mV/sec as com-

Fig. 10.4. Cat submaxillary gland. Chorda stimulation indicated by white at

lower margin; sympathetic stimulation by line at upper margin, (a) Electrode in

unidentified structure producing Type II potentials.

The first three responses were produced by single shocks to the chorda and the last response
by sympathetic stimulation at 25 c/s. Notice the opposite polarities of the responses and
compare the time course with the time seen in Fig. 10.3.

(b) Electrode inserted deep into the gland substance and inside a cell (? duct
cell) producing a Type III response.

Note the high resting potential of this cell and the striking depolarization produced by both
chorda and sympathetic stimulation (Lundberg, 1955).
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pared with 150 mV/sec for Type I cells) and disappeared slowly
over 7-10 seconds. However, the most striking difference from
Type I is that stimulation of the sympathetic in these cells leads

to a depolarization rather than a hyperpolarization ; this also

develops and declines slowly. No further exploration of this

potential has been carried out.

When a microelectrode is inserted deep into the gland, a third

type of potential may be found (Type III). In these cells the

resting potential was —80 mV and chorda stimulation reduced
this over a period of a few seconds to only —20 mVto -jomV
(Fig. 10.46). At the end of stimulation, the potential returned only

very slowly to the initial level. Sympathetic stimulation caused a

similar depolarization but with a more drawn-out time course.

Lundberg suggests that this potential is derived from the cells of

the intralobular ducts, because it is found only in the depths of

the gland where the probability of encountering a duct is consider-

able, and because the time course of the potential is rather similar

to that recorded between a polyethylene catheter inserted back-

wards into the gland through the main duct and an electrode on

the hilus. This potential has not been found in the sublingual gland

where striated duct cells are rather scarce. This evidence can hardly

be regarded as proving that Type III potential is produced by

striated duct cells, although it is rather suggestive.

In view of these multiple sources of potential within the gland

with their individually varying time courses, polarities and spatial

dispositions, it is not really surprising that the external electro-

gram should be so complex. Further analysis of the potentials in

the submaxillary gland was not pursued because of the difficulties

in visualizing the structures and inserting an electrode into the

lumen of the acini. Lundberg therefore turned to the sublingual

gland in which the tubular arrangement of the acini and their

relatively large lumens made further study feasible.

The acinar cells of the cat sublingual gave a potential identical

with the Type I potential of the submaxillary gland—indeed, this

is the only type of potential so far detected in this gland. If an

electrode was inserted into the acinar lumen this also became

more negative to the gland surface during activity ; in the first few

seconds the transmembrane potential across the outer face of the

cell of a typical cell rose from 31 to 56 mV but that across the

inner face (whose resting potential was also about —30 mV)
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changed by no more than i mV (Lundberg, 1957a). However,

with continued stimulation, the potential over the inner cell mem-
brane also gradually rose by some 10 mV but never attained the

same degree of hyperpolarization as that of the outer cell mem-

Fig. 10.5. At the left of the figure the microelectrode is within a sublingual

cell and the hyperpolarization on chorda stimulation is seen.

The sudden potential jump back to zero is due to the electrode being inserted into the acinar
lumen. A very similar hyperpolarization is still recorded (Lundberg, 19570).

Fig. 10.6. Intracellular recording from a sublingual gland cell with a

double-barrelled microelectrode.

Current was passed through the second barrel to shift the cell resting potential from 8 mV
at one extreme to 102 mV at the other. Chorda stimulated at 25 c/s during period indicated by
white line (Lundberg, 19576).

brane (Fig. 10.5). Lundberg (19576, c) has further shown that

hyperpolarization of the outer membrane (Fig. 10.6) is practically

independent of the resting potential when this is shifted from 8 mV
to 102 mV by the passage of current through a second intracellular

electrode. This finding is of great importance and immediately
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distinguishes the hyperpolarization in salivary gland cells from that

found in the heart, spinal motor neurons and crustacean stretch

receptor cells (see Eccles, 1957). In all these cells the degree and
the sign of the potential change produced by nerve stimulation is

dependent on the resting potential of the cell. If the resting poten-

tial is depressed below normal by the passage of current, hyper-

polarization is accentuated ; when the resting potential is increased

by some 10 mV to 20 mV, the hyperpolarization disappears and
is replaced by depolarization. Analysis has shown that in all these

cases the potential is due solely to an increase in conductivity for

one or more of the several ions crossing the membrane so as to

permit the cell potential to approximate more closely to a diffusion

potential (or combination of diffusion potentials). The cell thus

tends to approach the equilibrium potentials for the ions con-

cerned. If the resting potential is lower than the equilibrium

potential, hyperpolarization results ; if it is higher than the equili-

brium potential, depolarization results. Clearly, the hyperpolari-

zation in Type I cells cannot be explained in this way but must be

due rather to the active movement of an ion relatively unhindered

by the electrochemical gradient. The existence of active ion move-

ments of this kind have been established for sodium in the frog

skin (Ussing and Zerahn, 1951) and for chloride in the gastric

mucosa (Hogben, 1955). Accompanying the hyperpolarization the

conductivity of the outer cell membrane increases from 74 mmho/
cm 2 to 141 mmho/cm 2

. The increased ion movement causing the

hyperpolarization could be due to increased cation extrusion from

the cell or, alternatively, to active anion entry. Lundberg favours

the latter explanation because it involves active movement of an

ion in the same direction as that in which secretion is presumed

to be going on. However, potassium loss from these cells does

occur (see page 208), but whether this involves active ion transport

is quite unknown. Because secretion proceeds normally when the

gland is perfused with a salt solution, in which the sole anion is

chloride, Lundberg favours chloride as the likely ion. He has

attempted to test this hypothesis by replacing chloride in the per-

fusing fluid by another anion and measuring the effects on cell

potential change and secretion produced by injecting 1 fig acetyl-

choline (Lundberg, 1956, 1957c). Replacement of chloride by

bromide produced no change, but replacement by nitrate reduced

both the secretion rate and the hyperpolarization to about 15 per
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cent of that found in the controls (Fig. 10.7). Similar results were

obtained when chloride was replaced by thiocyanate or iodide.

These changes were readily reversed by restoration of chloride

to the perfusion fluid. However, it was not shown that the changes

were not due to a reduced sensitivity to acetylcholine rather than

to a reduced intrinsic ability of the membrane to respond ; further,

a similar reduction to response was seen when potassium was

omitted from the medium. Some of these experiments should be

Fig. 10.7. Secretory response of the perfused cat sublingual gland to 1 ^ig

acetylcholine and its dependence on the anion composition of the perfusing
fluid.

The control perfusion fluid contained 150 mEq/1. chloride, otherwise the chloride was replaced
partly or completely by nitrate. Abscissa: concentration of chloride in perfusion fluid (Lundberg,
1957c).

repeated, using a range of acetylcholine doses to make sure that

the maximum response is really reduced. The reduced secretion

when all the chloride is replaced by nitrate is also difficult to

explain. It seems somewhat improbable that the active transport

process for chloride could carry nitrate, iodide and thiocyanate,

albeit at reduced efficiency. It would be most interesting to know
what happens when chloride is replaced by a bulky ion such as

sulphate.

There is no question that this work is of the greatest importance

for the understanding of salivary secretion, but there are a number
of puzzling and interesting aspects of these findings which need

further exploration. For instance, the resting potential across the

outer surface of the sublingual cells averages —33 mV; that across
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the Type I submaxillary cells -22 mV. The higher potential in the
sublingual cells is presumably because these are not truly resting
as this gland is a continuous secretor. It is probably better then to

assume that — 22 mV represents a resting potential. Accepting the
analyses of Wills and Fenn (1938) the intracellular ion concen-
trations in the submaxillary gland are about 115 mEq/kg H 2 for

potassium, 47 mEq/kg H 2 for sodium, and 72 mEq/kg H 2 for

chloride; other analyses for the sublingual (Lundberg, 1958) and
parotid (Burgen, unpublished) give rather similar figures. The
equilibrium potentials for the three ions are thus: EK = —90 mV;
ENa = +3 2 mV *> Eci = — 1 S mV. The resting potential, there-

fore, is quite close to the equilibrium potential for chloride but

not to that for either potassium or sodium. Hodgkin and Horo-
wicz (1959) have recently shown that in normal skeletal muscle
the resting potential appears to be dominated by the potassium

concentrations because the intracellular chloride concentration is

so low that it can rapidly adjust to changes in the resting potential.

If, however, the interior of the muscle is loaded with chloride by

soaking the muscle in isotonic potassium chloride for an hour or

so, the resting potential then appears to be chloride dominated

due to the higher permeability of the membrane for chloride than

for potassium. In this state, the resting potential is changed far

more by changes in extracellular chloride concentration than by

changes in potassium. Because of the high intracellular chloride

concentration in the salivary gland, it might be expected that these

cells were normally chloride dominated. Burgen and Seeman (1958)

have pointed out that since their measurements of sodium and

potassium fluxes in the submaxillary gland show an apparent in-

crease of at least tenfold during activity while the total membrane

conductivity changes at most twofold, the anion contribution must

account for at least 90 per cent of the total membrane conductivity.

However, if the chloride flux were passive, we should expect that

the resting potential of salivary gland cells would be strongly

affected by the external chloride concentration. Lundberg (1957c)

shows two illustrations of sublingual cells in 160 mEq/1. chloride

and then in zero chloride (160 mEq/1. nitrate). The effect of this

removal of chloride was to increase the resting potential by only

3 mV to 8 mV. If the membrane were passively chloride domin-

ated, the potential should decrease and indeed become reversed

by at least 50 mV. Therefore, if chloride ions are mainly responsible
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for the resting potential of these cells, their entry into the cell must

be almost exclusively by an active process and very nearly inde-

pendent of the external concentration. Since the sodium and potas-

sium concentrations in these cells are not very different from those

found in muscle or nerve, these are presumably maintained by

cation "pumps" acting more or less independently of any anion

uptake. The dependence of the resting potential on the external

ion concentrations should be studied directly in view of the unusual

features present.

It is particularly difficult to understand what connection there

is between hyperpolarization of the outer face of the acinar cells

and the secretory process. Neither the electrochemical potential of

the ions within the cell with respect to the fluid in the acinar

lumen nor the conductivity of the inner membrane change much.

Of course, the nature of the potential across the inner cell mem-
brane will remain puzzling as long as the composition of the acinar

lumenal fluid is unknown, on the other hand, this method has

provided unequivocal proof of the convergence of parasympathetic

and sympathetic nerves on to the same cell ; this must not lead us to

assume, however, that because similar hyperpolarizations are pro-

duced by the two nerves, their effects on the secretion of either

electrolytes or non-electrolytes is identical. The possible relation-

ship of the Type III potential to permeability changes in the ducts

during stimulation is discussed below. It is obviously of great

importance that the membrane conductivity changes occurring

during these potentials, as well as the time course of the potential

over a longer period of stimulation, should be examined further.

SALIVARY REST TRANSIENTS

Potassium. It was first noted by Kesztyiis and Martin (1937)

that the concentration of potassium in the saliva secreted at the

beginning of a period of stimulation was greater than the con-

centration found after secretion had continued for a minute or

two. This phenomenon has subsequently been investigated in

some detail (Burgen, 19560; Burgen and Seeman, 1958; Burgen,

Terroux and Gonder, 1959; Seeman, 1956). After a rest period

of half an hour or more has been allowed since the last period

of stimulation, the first saliva secreted on stimulation contains

up to 60 mEq/1. of potassium. With continued stimulation,

this concentration gradually falls over a period of 2-3 minutes
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until the steady level of only 8-20 mEq/1. is reached. On closer

examination of this transient, it can be seen that it has two phases
(Fig. 10.8). It rises to a peak with a very short latency and then
falls quite rapidly in about 20 seconds. The rate of fall then be-
comes very much slower and a steady state is reached only after

1-2 ml. saliva/g. gland has been secreted. Lundberg (1958) has

Cpm/drop

20,000

15,000

1 0,000

5,00Qv>
5000*"

4000

3000

2000

1000

.0 0—0— o-

1

\

50 100 150

sec

200 250 300 350

Fig. 10.8. Rest transients of iodide and potassium in the parotid saliva of

the dog.

Notice the notch in the falling limb of the potassium record separating the early phase from
the later prolonged phase, which lasts for about 220 seconds. The rest period was 31 minutes.

The abscissa gives the time from the start of stimulation (Burgen, Terroux and Gonder, 1959).

reported finding similar transients in the sublingual gland. Both

phases of this transient are dependent on the period of rest the

gland has had since the previous period of stimulation ; in the case

of the dog parotid, half recovery of the first phase occurs after a rest

period of 2-5 minutes ; in the dog submaxillary, recovery is much

slower (half time 15-30 minutes) (Seeman, 1956). Brusilow and

Cooke (1959) did not find appreciable potassium transients when

using very brief periods (less than 1 minute) in the dog parotid
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but Seeman was able to show transients at this time. The decline

in potassium output in the saliva is reflected in the depletion in

the total potassium in the gland which may amount to 40 per cent

of the initial content after only 3 minutes' stimulation (dog sub-

maxillary) ; a nearly equivalent amount of sodium is gained by the

gland. However, there is only a relatively small change in the intra-

cellular content of potassium because the intracellular space of

the gland shrinks considerably during stimulation (Burgen, un-

published). Most, but not all, of the increase in gland sodium is due

to the corresponding increase in gland extracellular space. A simi-

lar but rather smaller loss of potassium has been found in the cat

sublingual gland (Lundberg, 1958). The loss of potassium from

the gland during stimulation has also been followed continuously

by the balance method (Fig. 10.9) in which the venous effluent

mm
Fig. 10.9. The submaxillary gland circulation in a dog was isolated so that

the venous blood draining from the gland could be collected. Following a rest

period, the chorda tympani was stimulated at 20 c/s.

Kv = venous plasma potassium in mEq/1. ; Ks = saliva potassium in mEq/1. : V = saliva flow-

rate in mg/g min; ABF arterial blood flow through the gland in ml/g min. Note that at the
beginning of stimulation the potassium concentration in the saliva was over 40 mEq/1., whereas
in the steady state it was only 6 mEq/1. At the beginning of stimulation the concentration of
potassium in the venous plasma reached over 11 mEq/1. and later settled down to 26 mEq/1.
(Burgen, 1956).
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draining from the gland is measured so that the arteriovenous

difference of potassium as well as the salivary output is known.
By this method it is found that the potassium loss from the gland

proceeds at a very rapid rate during the first minute of stimulation,

but soon thereafter, a steady state of potassium content is reached

and on cessation of stimulation the gland slowly regains its potas-

sium content. The concentration of potassium in the venous blood

from the gland rises sharply above the arterial level at the begin-

ning of stimulation and during this period potassium is being lost

both into the blood and into the saliva, but gradually the venous

potassium concentration falls and stabilizes at 40-70 per cent of

the arterial level. In this steady state as much potassium is being

picked up from the blood going through the gland as is being

secreted in the saliva. The time course of the venous transient is

very similar to the early phase of the potassium transient in saliva

and indeed the initial rates of potassium loss by the two routes

are proportionate whatever the flow rate. In the dog submaxillary

gland, about one-fifth of the initial potassium loss is into the blood

and about four-fifths into the saliva (Burgen, 1956a). In the cat

sublingual, the losses are about evenly divided between blood and

saliva (Lundberg, 1958). It should be noted that both the ampli-

tude of the saliva transient and the rate of potassium loss in it are

dependent on the rate of nerve stimulation, the transient being

much bigger at higher rates of stimulation. A related phenomenon

is illustrated in Fig. 10.10. Here stimulation was started at 2 c/s

and when a steady state had been reached, the rate of stimulation

was increased to 20 c/s. A second transient ensued in both saliva

and venous blood. The steady state gland content of potassium

fell by a further 1 1 mEq/kg when the rate of secretion was in-

creased. Seeman (1956) has also shown the presence of a negative

potassium transient when the reverse experiment is carried out,

i.e. initial stimulation at a high rate followed by sudden reduction

to a low rate. Evidently, the steady state potassium content reached

after stimulation is not a fixed one but is dynamically dependent

on the rate of stimulation (and saliva secretion). The behaviour of

potassium in the gland in response to abrupt changes in gland

activity offers important evidence as to the function of the gland

but the published explanations cannot be regarded as adequate.

Burgen, Terroux and Gonder (1959) pointed out that since the

early phase of the potassium transient had such a brief latency, it

P.S.G.—
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Fig. io.io. A similar experiment to that shown in Fig. 10.9.

Kcell refers to the total gland potassium in mEq ;g calculated from the potassium balance and
direct gland analysis at 100 minutes. Kv and Ksaliva are the concentration of potassium in the
venous blood and saliva respectively. The arterial plasma potassium was 42 mEq 1. Stimulation
was started at 2 c/s, saliva and venous transients ensued and the gland potassium content declined
from 82 mEq/g to 75 mEq/g. The stimulation frequency was then increased to 20 c/s without
interruption of stimulation. A further saliva and venous transient ensued and the gland content
abruptly fell by a further 10 mEq/g. Reduction of stimulation frequency to 7 c/s did not produce
any striking change. On cessation of stimulation the gland began to recover its potassium con-
centration (Seeman, 1956).

could not be due to acinar secretion although the later phase could

very well be acinar in origin. They then made the assumption

that since this saliva was of duct origin, potassium must accumulate

in the duct lumen during the rest period. This theory, however, is

totally unable to explain the appearance of a potassium transient

on changing the rate of nerve stimulation nor the dependence of

the magnitude of the transient on the rate of stimulation following
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the rest period. If the potassium were indeed stored in the lumen
we would expect that the transient would be independent of the
rate of nerve stimulation and would not be present when the rate

of stimulation was changed. All these phenomena, however, can
be accounted for quite satisfactorily if the source of the potassium
in the first phase of the rest transient is the intracellular potassium
of the duct cells which is discharged partly into the saliva and partly

into the periductal blood. The loss across both faces of the cell

would then be dependent on the rate of stimulation. The blood and
saliva transients would be proportional to each other and the effect

of raising the rate of stimulation without a rest period would also

be adequately accounted for. Persumably, just as the whole gland

potassium content reaches a different steady state depending on the

intensity of stimulation, so the duct cell potassium might be simi-

larly affected. The duration of the initial phase of the rest transient

would therefore be dictated by the time taken for the duct cell

potassium to reach a new steady state with its surroundings. The
time taken for the rest transient to be restored after a period of

stimulation would correspond to the time taken for the duct cells

to recover their intracellular potassium concentration. The relative

rapidity with which this occurs is another argument in favour of

believing that there is a high rate of blood perfusion through the

periductal capillaries.

Can we conclude that the late phase of the potassium transient

is also of duct origin? This seems improbable for the following

reasons: (a) potassium loss from the gland during stimulation is

larger than can be accounted for by loss of all the duct potassium

;

(b) following intra-arterial injection of K42 (see page 216) the out-

flow curve shows a prolonged course without a correspondingly

slow rise in activity; (c) in unloading type experiments with K42

after the initial transient, the specific activity of the saliva potas-

sium follows that of the whole gland potassium although it is

always somewhat lower.

These deductions about the behaviour of the duct cells during

stimulation may be correlated with the changes in the Type III

potential described by Lundberg. The resting potential in these

cells is high (about -80 mV), therefore they probably have a high

intracellular potassium. On stimulation, a striking depolarization

to about —20 mV occurs over a few seconds. On cessation of

stimulation, the potential is restored quite slowly. Such a potential
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change could occur if nerve stimulation facilitated sodium entry

into the cell and also potassium loss from the cell, with the latter

lagging behind the sodium entry. This can be regarded as a variant

of the events that occur during activity in nerve and muscle. After

a brief period of stimulation, depolarization will be mainly due to

restoration of cell permeabilities to normal, but after longer

stimulation reaccumulation of potassium and extrusion of sodium

from the cells will be the rate limiting step. Judging from the

amount of potassium released in the initial phase of the rest tran-

sient, a considerable proportion of the whole duct epithelium must

be involved in both the submaxillary and parotid glands of the dog.

If the changes suggested above do happen in the duct cells, it is at

least plausible that the greater rate of loss of potassium from the

inner face of the cells (as compared with the outer face) implies

also a greater tendency to absorb sodium from the inner face. This

assumption would be supported if a greater depolarization occurred

at the inner cell face. Lundberg's measurements of the potential

across the duct support this. This differential permeability to

sodium might lead to transport from the saliva across the cells

and into the blood ; a similar process might also occur for anions.

Sodium. Burgen, Terroux and Gonder (1959) did not find any

striking rest transient for sodium; on the other hand, Brusilow

and Cooke (1959) found consistent negative sodium and chloride

transients that developed after very brief rest period (10-60

seconds). With such short rests they did not find any appreciable

potassium transient in the same samples; an unusual feature of

these experiments was the high concentrations of sodium (up to

135 mEq/1.) and potassium (25 mEq/L), which are greater than

those usually found in this secretion. At present no satisfactory

correlation can be made between these results and those of See-

man (1956) and Burgen, Terroux and Gonder (1959). Over the

longer rest periods when a larger potassium transient is developed,

there must be concurrent changes in other ions. These have not

been investigated fully as yet, but it appears that the potassium

transient is accompanied by a corresponding increase in chloride

concentration and some decrease in bicarbonate concentration.

Much further work is needed, however, to establish the inter-

relationships of these four ions during different periods of rest.

Iodine. The presence of a striking iodide rest transient in dog

parotid saliva has been mentioned on page 157. Iodide accumula-
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tion during rest starts out at a high rate but as the duration of the

rest period proceeds, the increments of iodide accumulated de-

crease until eventually a steady state is reached which is presum-
ably dictated by a balance between the rate of active secretion of

iodide into the cells and passive back-diffusion across the cells.

Towbin and Perkins (1958) have reported that at the beginning of

stimulation, the iodide concentration in the venous blood leaving

the dog parotid may rise transiently above the arterial level. This

phenomenon seems rather similar to that discussed above for

potassium and can perhaps be accounted for in a similar manner.

Due to this loss into the blood, the amount of iodide that appears

in the saliva transient underestimates the total amount actually

accumulated during the rest period.

OUTFLOW PATTERNS AFTER CLOSE ARTERIAL INJECTION

OF ISOTOPES

If a small amount of an isotope is injected rapidly into the arterial

supply of a salivary gland which is secreting at a constant rate

(and is otherwise in a steady state), the outflow pattern of the

substance in the saliva can give useful information about the pro-

cess of secretion in the gland. In this procedure, the gland is ex-

posed only briefly to the labelled material since after passing

through the gland the isotope is rapidly diluted in the animal's

blood and body fluids. Before saliva which has acquired isotope

from the blood can reach the exterior it must displace out the

secretion that is already more distal to it. Thus, the more distal

is the site at which the isotope can cross the blood into the saliva,

the earlier will it appear in the saliva collected (Fig. 10. 11). In an

actual experiment some of the delay in appearance of the isotope

in the saliva is also due to the time taken for the injected material

to travel to the gland in the blood as well as the time taken to

traverse the dead space of the main salivary duct and cannula. In

the average experiment these delays amount to about 2-3 seconds

or approximately 10-15 /d./g. From histological sections, the

lumen of the ducts has been estimated to occupy a volume of

some 50-100 /d./g (Burgen, 1956). The time resolution possible

with the method as developed by Burgen, Terroux and Gonder

(1959) is usually better than 0-5 second (= 2 /d./g)- The method

is therefore capable of resolving entry sites whose spatial separa-

tion is not more than 5 per cent of the total duct volume. Optimal
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Fig. io.ii. Schema of the close arterial injection type of experiment.

Two substances A and B are injected into the blood supply of a salivary gland secreting at a

constant rate. Since substance A can penetrate the ducts at a more distal site than can substance B,
it appears in the saliva earlier than substance B as shown in the lower part of the figure.

sensitivity is reached when a pair of isotopes are injected together

so that direct comparison of the outflow patterns is made on the

same samples of saliva.

These methods have so far been applied only to the dog parotid
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gland using the following substances: water (T 20), chloride,

bromide, iodide, sulphate, bicarbonate, sodium, potassium, urea

and four amino-acids (valine, methionine, isoleucine and t\ rosine).

Neither sulphate nor any of the amino-acids appeared in detect-

able amounts in the saliva but all the other isotopes appeared after

more or less brief latencies and reached peak concentrations of

the same order. A typical experiment is illustrated in Fig. 10.12.

In this case, Br82 ~ and Na 22+ were injected together—it can be

seen that the curves are very much alike but that Br entered the

saliva some 10 fA./g earlier than Na and also reached a peak and

declined more rapidly. The behaviour of all the substances

studied is summarized in Fig. 10.13. Trie earliest substance is tri-

tiated water with a latency of 5-10 f-d./g. Its concentration rises

rapidly to a peak and then falls off with a half time of 5-10 seconds.

Bicarbonate enters the saliva at the same point and has a very similar

time course; chloride and bromide are delayed by 3 [A./g but

40 so sec
1

100 , 150
Ml/2

zoo

Fig. 10.13. The form of saliva outflow curves after intra-arterial injection

various substances.

Note the progressively longer latency from T 2 up to urea (Burger., Terroux and Martin,

i960).
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otherwise are identical in shape as in sodium which is delayed by

a further 7 //l. g. Potassium appears at the same time as sodium

and reaches a similar peak height but then declines very slowly over

a period of 2-3 minutes. Sometimes an inflection can be seen on

this curve shortly after the peak has been passed. Iodide is slightly

delayed with respect to sodium and potassium by about 2/^L/g, it

falls off more slowly than sodium but not nearly as slowly as potas-

sium and its height is about ten times as great as the others. Finally,

urea is delayed by a further 3 //l./g (see also Fig. 10.16) and falls

off rather slowly.

How can we interpret these results? The volume of saliva se-

creted before the appearance of an injected substance indicates the

most distal region at which the substance can penetrate into the

saliva and we can conclude that all these substances are entering

through the duct epithelium for the following reasons. Firstly, the

small volume involved which is less than the total duct volume

(the latest appearing substances, urea, is delayed by about 20

//l./g). Secondly, in the case of the two latest appearing constitu-

ents, iodide and urea, there is independent evidence that tubular

transport occurs (see pages 157 and 222). This type of experiment

then reveals a minimum of five permeability areas in the salivary

ducts and suggests that there is considerably more specialization

in the physiological behaviour of these structures than had pre-

viously been supposed. It might be argued that these delays in

appearance do not represent different sites but rather selective

retardation in the duct cells. This does not seem a likely hypothesis

because it would imply that the take-off points for all these sub-

stances are really identical and that only the rates of rise are

affected. Similarly, it would be expected that the more delayed the

rate of rise, the lower would be the peak height, and the slower

the rate of recovery. Careful examination of the results does not

give support to any of these features. For instance, in Fig. 10.12

at a time when a considerable amount of Br82 was present in the

saliva, there was no trace of Na 22 present. Furthermore, the paral-

lelism of the rising phase of these two curves is very striking; there

appears to be evidence here of delay but not of other significant

differences in behaviour.

Before proceeding further, we must make it quite clear that

experiments of this kind do not directly demonstrate sites for bulk

transfer of ions, all they show is sites at which interchange between
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the ion in the blood and that in the saliva may proceed. Of course,
such regions may coincide with ones at which bulk transfer is

occurring, but independent supporting evidence must be found
for this in the case of each ion under consideration.

As yet, we have only considered the interpretation of the leading
edge of the outflow curve as giving evidence of the most distal locus

at which permeation is possible. Can we obtain any evidence as to

how far proximal this zone extends and also are we safe in assum-
ing that a rapid uninfected fall away of the curve means that no
acinar process is involved? For example, there are a number of

reasons for believing that water is taken up by the acinar cells

during activity and is also excreted into the acinar saliva, but the

smooth, rapid decline of the labelled water concentration in the

saliva gives no indication that this is the case. The reason for this

becomes clear when we consider the experiments of Burgen and
Seeman (1958) with radioactive sodium. The submaxillary gland

was loaded with radioactive sodium undl it was in a steady state and
then was autoperfused with non-radioactive blood. During stimu-

lation, the specific activity of sodium in the saliva was never more
than a few per cent of that in the gland due to a very extensive

radioactive exchange occurring in the salivary ducts. This, together

with the countercurrent nature of the duct circulation (page 19),

leads to almost complete dilution of the radioactive sodium in the

proximal saliva by non-radioactive sodium from the blood. We
may generalize fiom this experiment as follows : we can only expect

to see evidence of a more proximal process in the outflow pattern

if (a) there is no distal process or (b) the proximal process is quan-

titatively large and the outward (saliva to blood) permeability of

the ducts to this constituent is not great. This brings us to a con-

sideration of the late phase of the potassium curve. There is clear

evidence here of a proximal process since the potassium secretion

in the saliva continues for at least 1-3 ml./g. This duration is so

long that it must involve acinar secretion. We have direct evidence

in this case also that outward permeability of the ducts to potas-

sium is not very great because in unloading experiments (Burgen

and Seeman, 1958), the saliva specific activity averaged 70-80 per

cent of that in the gland. Indeed, the rate of decline of radioactivity

in the saliva in the close arterial experiments resembles very

closely the rate of loss of gland radioactivity in the unloading type

of experiment. The analysis of rest transients also had led to the
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conclusion that the outward permeability of the ducts to potas-

sium is lower than the inward permeability.

A feature of considerable interest that this technique has re-

vealed is that there is a distal region in the ducts where anions are

able to enter the saliva but where cations cannot. Since anions can

enter, they must also be able to leave the saliva at this point, be-

cause in the absence of cation entry anion movement can only

occur by anionic exchange. It is pointed out below that a reciprocity

between bicarbonate and chloride concentrations in the saliva can

be demonstrated that is under the control of the arterial pC0 2 .

It is tempting to believe that this distal site is the place where

a chloride-bicarbonate exchange occurs.

Finally, it must be remarked that the permeability of the ducts for

water is very great. This is especially interesting in view of the fact

that the saliva is quite hypotonic and that, therefore, a considerable

osmotic gradient exists across the duct. However, there is evidence

in the case of the frog skin and of amphibian eggs that diffusional

permeability for water may bear no close relationship to the osmo-

tic hydrostatic permeability of the same cells (Prescott and Zeuthen,

1953; Koefoed-Johnsen and Ussing, 1953).

In summary, this technique has demonstrated that the salivary

ducts of the dog parotid gland contain a minimum of five func-

tional regions across which selective isotope movement can occur.

These do not correspond to any known histological characteristic

of the duct cells.

EVIDENCE FROM ASSOCIATION AND DISASSOCIATION

IN CHANGES IN COMPOSITION

Whilst the changes in composition in saliva at different rates of

secretion do not, of themselves, provide useful information relating

to the mechanism of secretion, when taken together with other

observations they can be of value.

The Immature Dog. In the submaxillary gland of the neonatal

puppy, saliva secretion is quite as active as in the adult. This is so

despite a surprising degree of histological immaturity. Acini of

adult type are almost totally absent and the ducts are large, fre-

quently multilayered and quite unlike those of the mature animal

(Wechsler, unpublished). The saliva produced is hypotonic al-

though less so than the adult but bicarbonate is absent and chloride

practically the sole anion. By three weeks of age, the gland appears
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much more mature histologically but the bicarbonate concentration

remains very low. These observations suggest that in the immature
animal, water and electrolyte secretion might largely originate in

the salivary duct system and that the secretion could become
hypotonic under these circumstances. Bicarbonate secretion ap-

pears to be a process maturing later and is associated with a

reciprocal depression of the chloride concentration rather than any

change in the cations. Potassium secretion stays remarkably con-

stant at all stages of development ; a high concentration of potas-

sium in saliva seems to be one of its most universal and stable

features.

The effect of alterations in arterialpCO 2 on saliva bicarbonate and

other ions. When the arterial pC0 2 is reduced by hyperventilation,

the saliva bicarbonate falls ; however, the total anion concentration

in the saliva does not usually change markedly. The reduction in

bicarbonate is accompanied by an equivalent increase in the chloride

concentration. Conversely, when the pC0 2 is increased, the bicar-

bonate in the saliva rises and the chloride falls, although frequently,

if the saliva carbonate has reached a very high level, some increase

in sodium concentration also occurs. This evidence also suggests

that the concentrations of bicarbonate and chloride in saliva are

intimately related and that probably bicarbonate enters the saliva

in exchange for chloride reabsorbed and that this exchange pro-

cess is controlled by the arterial pC0 2 . In some animals, however,

changes in bicarbonate are accompanied mainly by changes in

sodium concentration. It is not known what favours one process

rather than the other.

Effects of adrenaline. It was found by Langstroth, McRae and

Stavraky (1938) that following a relatively large does of adrenaline,

the inorganic composition of cat submaxillary saliva evoked by

subsequent chorda stimulation was changed. The major altera-

tion is a considerable increase in total osmolyte concentration,

accounted for almost wholly by an increase in sodium and chloride.

Neither potassium nor bicarbonate are greatly affected. Martin

(i960) has shown that at least part of this effect is exerted on the

salivary duct system and involves an increase in permeability for a

number of substances including amino-acids, sucrose, creatinine

and urea. The lack of effect on bicarbonate suggests that in this

case sodium and chloride are behaving as an ion pair and that the

effect of adrenaline is either to inhibit their reabsorption from the
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saliva or to facilitate their entering. The importance of this obser-

vation is that in this case chloride is being affected independently of

bicarbonate and in association with a cation; this process cannot,

for instance, be proceeding at an anion exchange area in the distal

part of the salivary duct.

Effects of adrenal corticoids. The effect of adrenal corticoids is to

raise the potassium and lower the sodium concentration in saliva.

30
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rates of secretion, the concentration of passively distributed non-
electrolytes such as urea, thiourea and methenamine rises above
the plasma level (Burgen, 1956). Similar increases occur with the

electrolytes. Following a brief rest interval, a moderate increase in

concentration of protein and iodine occurs in the first few drops

of saliva secreted. This increase reaches a maximum after only 2 or

3 minutes. A similar increase of total osmolytes occurs in the same
few drops (Seeman, unpublished). It has also been noted by many
observers that following a period of parasympathetic stimulation,

if a small drop remains on the end of the cannula, this can be seen

to recede slowly during a brief rest period. All these observations

suggest that water reabsorption, possibly under an osmotic gra-

dient, proceeds in the duct system. The fact that this leads to

concentration of only the first few drops of saliva secreted after a

rest period and also the fact that it changes the concentration of

urea which is known to cross the epithelium of the proximal part

of the duct system, leads us to believe that this process occurs in

the extreme distal region of the salivary ducts.

The sum of the observations in the present section is that one

needs to postulate a minimum of five mechanisms that are con-

cerned with the concentrations of the four major ions in the saliva.

These are : (a) a bi-ionic movement of sodium and chloride, (b) an

anion exchange of chloride with bicarbonate, (c) an exchange of

sodium with potassium under the control of adrenal corticoids,

(d) a potassium secretion depending on the potassium plasma level,

and (e) a water reabsorptive process.

THE SECRETION OF NON-ELECTROLYTES

In the study of the steady state secretion of ten non-electrolytes,

Burgen (1956) found that these could be classified according to the

relationship between the saliva concentration and the rate of saliva

secretion which they exhibited. For some components (N-ethyl-

urea, chloramphenicol, 4-acetamidoantipyrine and methenamine)

the concentration was inversely related to flow rate. This relation-

ship can be accounted for satisfactorily on the hypothesis that the

permeability of the gland for these substances did not change sig-

nificantly with alteration in the rate of nerve stimulation. With the

other group of substances (urea, thiourea, N-methylurea, manni-

tol, creatinine and glycerol) the relation of saliva concentration to

flow rate was U-shaped (see Fig. 9.8). The permeability of the
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gland to these substances increases progressively with increasing

rate of nerve stimulation. The behaviour of all these ten sub-

stances could be explained quite satisfactorily on the assumption

that there were two pathways by which non-electrolytes could enter

the saliva. One of these was a lipoid membrane whose properties

were not altered by nerve stimulation. The other was a porous

structure the size of whose pores was severely restrictive on the pas-

sage of molecules with a diameter greater than about 6-4A. These

pores appeared to increase in number or diameter with increasing

rate of nerve stimulation, thus leading to an increased permeability.

It is of particular interest that the concentration of these substances

in the gland substance was not different from that present in the

plasma ; difficulty of penetration into the gland cells was not there-

fore the cause of the lower concentration of these substances in the

saliva as compared with that in the plasma. Further analysis of

the mechanism of transfer of the non-electrolytes has been under-

taken with urea (Burgen and Seeman, 1958). The submaxillary

gland of the dog was isolated from the rest of the animal so that

it could be autoperfused with blood ; the venous effluent from the

gland was not returned to the animal. The gland was then equili-

brated with C 14-urea by intra-arterial injection and subsequently

perfused with non-radioactive blood. In Fig. 10.14 such an experi-

ment is shown. Initially, radioactivity was being lost with a half

time of 8 minutes. On stimulating the nerve, the output of radio-

active urea in the venous blood increased and radioactive urea also

appeared in the saliva. However, the specific activity of urea in the

saliva was always considerably lower than that in the gland. This

could be due to equilibration of radioactive urea secreted by the

acinar with non-radioactive urea from the blood during the pas-

sage of saliva along the ducts, or to the addition of non-radioactive

urea from the blood during the passage of saliva along the ducts.

Mathematical analysis of this system can be carried out very satis-

factorily and showed that both these processes occurred. On the

average, only about one-third of the urea in the saliva was derived

from urea secreted by the acini and two-thirds was contributed by

diffusion from the blood into the saliva occurring across the ducts.

It would, of course, be expected that if non-radioactive urea enters

the saliva through the ducts, then also radioactive urea will be lost

from the saliva into the blood through the same route. The amount

lost was calculated by Burgen and Seeman and compared with the



The Secretion of Non-electrolytes 223

extra radioactivity lost into the venous blood during stimulation

(Fig. 10.14). It appears that transductal loss of radioactive urea
from the saliva could account entirely for the excess amount ap-

pearing in the venous blood. This suggests that the permeability

of the outer face of the acinar cells for urea is not significantly

affected by stimulation. On the other hand, it is possible to calcu-

late directly the permeability of both the ducts and the inner face

of the acinar cells at different rates of saliva flow (Fig. 10.15). This
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Fig. 10.15. Changes in the permeability of the acinar cells O O and duct

cells O—O to urea with change in saliva flow rate.

Note the large increase in duct permeability and relatively small change in acinar permeability
as the flow rate increases. Abscissa: saliva flow rate inml./g. min. Ordinate: arbitrary permeability

units (calculated from data given by Burgen and Seeman, 1958).

calculation shows that the permeability of the inner face of the

acinar does not change very much with the rate of stimulation but

that there is a considerable increase in the permeability of the ducts

proportional to the rate of secretion. It seems quite possible, there-

fore, that the lipoid membrane of fixed permeability postulated by

Burgen (1956) is the inner cell membrane of the acinar cells and

that the membrane of variable permeability is in the ducts. It is

highly desirable that these findings should be confirmed by a simi-

lar analysis carried out with a non-electrolyte of different physio-

chemical properties. Since the evidence obtained by the techniques

just described indicates very convincingly that equilibration of

urea occurs across the ducts, it is of special interest to see how urea
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behaves when tested by the close intra-arterial injection technique

(Burgen, Terroux and Gonder, 1959). In Fig. 10.16 it is seen that

urea crosses the ducts at a point proximal to sodium. Indeed, it

enters at the most proximal permeability site yet encountered. The
rate of decline of the curve is also slower than encountered with

10 20 30 40 50 60 70 SO

sec
Fig. 10.16. Simultaneous injection of Na 22 and C 14 urea close arterially

into the parotid gland of the dog.

Urea ( ) trails the Na (—) by 2-5 seconds at the take off and also declines more slowly
(Burgen, Terroux and Martin, i960).

sodium and this is presumably due to the presence of an acinar

component. This was to be expected in view of the relatively low

duct permeability for urea found in the experiments of Burgen

and Seeman. It is perhaps unwise to assume without experimental

proof that other non-electrolytes will behave in a way predicted

from these relationships, because our experience has been that each

new substance studied reveals some detail of the secretory pro-

cess that had not been known previously.

EVIDENCE CONCERNING THE BLOOD SUPPLY

OF THE GLAND

It has been mentioned elsewhere (page 19) that the high clear-

ance rate for iodide in the parotid gland of the dog and man, to-

gether with the evidence showing that iodide secretion occurs ex-

clusively in the duct system of the salivary gland, must be inter-

preted to mean that the blood flow to that part of the ducts

secreting iodide is very high and probably accounts for a large

proportion of the total gland blood flow. In some experiments,
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Towbin and Perkins (1958) found that as much as 88 per cent of
the iodide was extracted from blood flowing through the gland.
In this instance, very little of the blood cannot have perfused the
ducts. Where does the blood required by the acini come from? Is

this a separate supply or is it shared with the duct supply through
a portal system analogous to the glomerulo-tubular system of the
mammalian kidney? Information relevant to this may be obtained
from a consideration of the specific activity of potassium in the

venous blood from the submaxillary gland at rest after previous

intra-arterial loading (Burgen and Seeman, 1958). The specific

activity of the venous blood was usually about 60-80 per cent of

that in the gland. It is known that a large proportion of the gland

potassium must be contained in acinar cells because after intra-

venous infusion of K42 the whole gland potassium reaches the

same specific activity as the plasma, and further that the kinetics

with which this occurs do not indicate the presence of more than

one major compartment. We must conclude, therefore, that at

least 60-80 per cent of the blood perfusing the gland comes in

contact with the acini. These results were of course obtained in

different glands but, nevertheless, ones that in other ways behave

in very similar fashion. This evidence then suggests that a con-

siderable degree of serial perfusion to the acinar and ducts occurs

in the resting gland. What of the stimulated gland? The iodide

clearance of the parotid gland rises about proportionately to the

rate of salivary secretion (Burgen and Seeman, 1957). In the sub-

maxillary gland the blood flow also bears a more or less constant

relationship to the rate of secretion (see Terroux, Sekelj and Bur-

gen, 1959). It therefore seems likely that the proportion of the

total gland blood flow that perfuses the ducts is not greatly changed

during activity. These facts, then, make it probable that at least

half the total blood flow through the gland passes through the

portal system both at rest and during activity. Which way does

the blood flow in such a system? Does it flow in the same direction

as the saliva (concurrent) or in the opposite direction (counter-

current)? Burgen and Seeman (1958) pointed out that if the direc-

tion of flow were concurrent, the minimum saliva specific activity

for a substance that exchanged freely across the duct epithelium

would be that of the venous blood. On the other hand, if the flow

is countercurrent, the limiting specific activity of the saliva is that

of the arterial blood which in an unloading type of experiment is

P.S.G.—

Q



226 Theories of Secretion

zero. They found not infrequently that the specific activity of

sodium and urea in the saliva was lower than that in the venous

blood. This finding argues in favour of a countercurrent flow but

because of the anatomical irregularity of the gland vasculature,

this argument cannot be regarded as completely proven. For in-

stance, if the terminal part of the duct were to receive an inde-

pendent arterial supply which might be a small fraction of the total

gland blood flow, this could serve to lower the specific activity of

the saliva below that in the venous blood. How do these ideas

conform with the anatomy of the gland vasculature as demonstrated

by injection procedures? A full account will be found in Chapter II.

It suffices here to say that injection procedures fully confirm the

presence of a rich vascularization of the ducts. It also confirms

that, in general, the flow of blood in the periductal capillaries is

indeed largely countercurrent. Anatomical evidence for a portal

system is very meagre. It should also be noted that a considerable

proportion of the blood water (10-20 per cent) is extracted by the

gland and if the bulk of the saliva water were secreted by the acini

and if, as some of the anatomical evidence suggests, the acinar

receives only a meagre blood supply, the haemoconcentration in

the acinar capillaries might be very considerable. As discussed

elsewhere there is also considerable doubt as to the proportion of

the saliva water that is contributed by the acinar and the proportion

contributed by the ducts.

SUMMARY

A number of new methods have been developed to attempt to

uncover the nature of secretory processes in the salivary glands.

The presently available evidence shows that the secretory process

is highly complex. This is particularly true of the salivary duct

system which seems to play a more important role in the formation

of this secretion than had previously been realized. By various

techniques, segregated sites and distinct processes in the ducts have

been distinguished. At least three types of cells can be distinguished

on electrophysiological grounds and some progress has been made
in correlating electrical events in salivary gland cells with the

ionic movements taking place in secretion.
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CHAPTER XI

METABOLISM

The respiration of the salivary glands has been measured both in

vivo and in vitro by a number of workers. The resting oxygen con-

sumption in dog submaxillary glands is 22-27 /
y l-/g- mm (Barcroft,

1914; Barcroft and Kato, 1916; Terroux, Sekelj and Burgen, 1959)
and in the cat 29 /d./g. mm (Stromblad, 1959). With isolated gland

slices or minces somewhat higher values are usually found (Deutsch

and Raper, 1936; Brock, Druckrey and Herken, 1938; Stromblad,

1957). The respiration rates are quite similar in the various

glands from different mammalian species. The R.Q. at rest has

been reported between 0-91-1-02 (Barcroft, 1901; Deutsch and

Raper, 1938; Stromblad, 1959). With parasympathetic stimulation

or injection of acetylcholine or pilocarpine the oxygen consumption

rises rapidly to a maximum of 130 to 175 //l./g. min. In both the

cat and the dog the increase in respiration is linearly related to

the saliva flow rate, but the dog requires only 300 /A. 2/ml. saliva

secreted compared with 630 for the cat. Barcroft and Kato (19 16)

found that if the dog submaxillary gland was stimulated over a

long period (3 hours) by pilocarpine infusion there was a progres-

sive rise in both the blood flow and oxygen consumption required

for saliva secretion. After 3 hours 1-3 ml. of oxygen was required

for each ml. of saliva produced. Over a shorter period of time the

same phenomenon had been encountered. Following a period of

stimulation a moderate oxygen debt develops which is mostly

dissipated in a few minutes. The R.Q. of the active glands was

found to be increased up to 1-8-3-7 by Stromblad (1959), but on

the other hand no consistent change was seen by Barcroft (1914).

Barcroft and Miiller (19 12) found no correlation between changes

in blood flow per se and oxygen consumption in experiments in

which yohimbine was injected. This drug produced a striking

increase in blood flow through the gland without either salivary

secretion or the slightest change in oxygen consumption. Strom-

blad (1959), however, suggests that the carbon dioxide output may

be dependent on blood flow.

When adequate doses of atropine are given no saliva secretion

229
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occurs when the chorda is stimulated, but the blood flow through

the gland increases to about the same degree as in the absence

of atropine and the oxygen consumption increases 10-100 per cent

(compared with 200-400 per cent in the absence of atropine). It

appears that the secretory response is the most sensitive and the

vascular response the least sensitive to the effects of atropine

(Barcroft, 1914; Terroux, Sekelj and Burgen, 1959; Stromblad,

1959)-
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Fig. 1 I.i. Arterial blood flow (ABF ml./g/min) and oxygen consumption
(0 2 /u.l./g/min) of dog submaxillary gland.

During the period marked by the bar the chorda tympani was stimulated at 5 c.p.s. •— •
before administration of atropine X— X 15 minutes after 1 mg/kg. of atropine. No secretion
occurred. O— O 35 minutes after the atropine (Terroux, Sekelj and Burgen, 1950).

In vitro techniques have shown a complete block by atropine

of the metabolic effects of acetylcholine (Deutsch and Raper, 1936;

Brock, Druckrey and Herken, 1938). This is presumably due to

the larger doses of atropine used in these experiments although it

is well known that atropine antagonizes the effects of injected

acetylcholine more readily than the effects of parasympathetic

stimulation (see Hilton and Lewis, 1957). Similar increases of

oxygen consumption have been obtained in the cat submaxillary

gland stimulated by adrenaline or the sympathetic (Barcroft and

Piper, 1912; Barcroft, 1914; Deutsch and Raper, 1936; Stromblad,

1957 and 1959). The amount of oxygen required in the secretion

of sympathetic saliva is less than that for chorda saliva (Stromblad,
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1

1959). Deutsch and Raper (1936) reported that no change in

oxygen consumption was produced by adrenaline in the cat parotid

or the dog and rabbit parotid and submaxillary; however, Hokin
and Sherwin (1957) obtained a considerable increase in respiration

with adrenaline in the rabbit parotid and submaxillary glands using

somewhat higher doses. Four weeks following chorda section the

resting oxygen consumption of the submaxillary gland of the cat

was reduced by one-third and the extra oxygen consumption per

ml. of saliva was reduced proportionately as was the maximal rate

of oxygen usage of the gland (Stromblad, 1959).

Not much is known of the substrates utilized by the salivary

gland in situ. Anrep and Cannan (1922, 1923) measured the utili-

zation of glucose by the dog submaxillary gland and found at rest

an uptake of about 60 /-eg/g. min (0-33 /«M/g. min) or roughly 0-33

jtiM glucose per //M of oxygen. During activity glucose utilization

increased up to eightfold, running roughly in parallel with the

oxygen usage. It is of course not certain that all of this glucose is

used in respiration ; some may be used as a carbon source in synthe-

sis of the secretory product. Small amounts of lactate are formed

by the resting gland and during activity an increased output occurs,

particularly during the first minute, a period when the increase in

respiration lags behind the rate of secretion (Bergonzi and Bolcato,

1930; Bergonzi, 1931; Ferrari and Hober, 1933; Wills, 1941).

Ferrari and Hober (1933) found with perfused glands an increase

in lactate output when cyanide (0-5-2 mM) was added to the per-

fusion fluid and a reduction with iodacetate (0-01-0-05 mM). Only

modest changes in the gland lactate content have been reported

after stimulation, but in part this may be due to inadequate experi-

mental technique. Moderate reduction in glycogen and creatine

phosphate have been reported after stimulation (Bergonzi and

Bolcato, 1930; Himwich and Adams, 19306; Northup, 1935). ,«

Anaerobic incubation of minced submaxillary glands leads to

quantitative conversion of glycogen to lactate (Himwich and

Adams, 1930^).

In vitro the metabolic behaviour of salivary slices or minces has

interesting features. Under anaerobiosis, with cyanide, iodacetate

or fluoride the metabolic effect of acetylcholine is no longer

present. Resting metabolism is changed little by the addition of

extraneous substrates (glucose, fructose, succinate, lactate or pyru-

vate), and indeed in the absence of added substrate a steady Qo 2
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is maintained for many hours. The acetylcholine effect, however,

is readily attenuated when there is no added substrate and is con-

siderably augmented by the addition of large amounts (100-200

mg/100 ml.) of lactate. This effect of lactate is prevented by the

simultaneous addition of small amounts of glucose. The Qo 2 in

the presence of iodacetate is also increased by lactate. Anaerobic

glycolysis is not very active except in the presence of glucose and

is not satisfactorily maintained by fructose (Deutsch and Raper,

1938; Brock, Druckrey and Loch, 1942). Dinitrophenol increases

the Qo 2 of the resting gland to the maximum found after addition

of acetylcholine (Stromblad, 1957).

When gland atrophy was produced in the rat by a duct ligation,

the Qo 2 was reduced to 40 per cent of normal and similar reduc-

tions occurred in pyruvate oxidation, succinic dehydrogenase and

the content of high energy phosphates. No change was found in

glycolysis (Junqueira, 1955; Junqueira and Hirsch, 1956). It has

been pointed out elsewhere (page 225) that a high concentration

of mitochondria, succinic dehydrogenase, and the rich vasculari-

zation of the salivary ducts suggests that a considerable fraction

of the total gland respiration is due to these elements.

PHOSPHORUS TURNOVER

Extensive studies on phospholipid turnover in the salivary

glands, pancreas, brain and other tissues have been carried out by

the Hokins (Hokin and Hokin, 1953, 1954, 1958, 1959^2 and b).

They found that P 32 incorporation into the phospholipids of rab-

bit parotid and submaxillary and guinea pig parotid slices was

increased several fold by the addition of acetylcholine and adrena-

line. These effects could be prevented by atropine and ergotamine,

dibenamine or chlorpromazine, respectively. Noradrenaline was

less effective than adrenaline. Submaximal doses of adrenaline and

acetylcholine were additive, but maximal effects were not additive.

In the rabbit but not in the guinea pig parotid, increased incor-

poration ofP 32 into the acid-soluble phosphate esters also occurred.

Under anaerobic conditions the stimulating effect of carbamyl-

choline on phospholipide synthesis in the pancreas is no longer

present (Hokin and Hokin, 1953). Further analyses of these effects

have been carried out in the pancreas and the brain and since it

seems likely that these do not differ in any important degree from

the effect in the salivary glands they are relevant to our account.



Protein Synthesis 233

The increased P 32 incorporation occurs into two monophosphoin-
ositides as well as into phosphatidylcholine, phosphatidylethanol-

amine, and phosphatidylserine. Glycerol-C 14 incorporation into

the phosphatidic acid was not stimulated but incorporation into

the phosphoinositide of high Rf was increased. A modest increase

in inositol-H 3 incorporation was also found. Hokin points out that

the known pathways of phosphatidic acid synthesis are from oc-

glycerophosphate or from ATP. P 32 experiments showed that only

the formation of phosphatidic acid derived from ATP was stimu-

lated by acetylcholine. The enzymes responsible for this acetyl-

choline response are present in the microsome fraction and can be

brought into solution by desoxycholate. This behaviour is that

expected from an enzyme system located in the lipid membranes
either of the cell surface or the endoplasmic reticulum, and has

led to the proposal that this effect is concerned with protein secre-

tion and perhaps with the transfer of lipid-insoluble substances

across the cell membrane by the formation of lipid-soluble phos-

phatidic complexes.

PROTEIN SYNTHESIS

While no direct study on protein synthesis in vitro has been

carried out on the salivary glands, it is quite likely that great simi-

larities exist in the synthesis in the pancreas which has been studied

in detail by Hokin (1951^ and b) and others. He found that pro-

tein synthesis was dependent on normal cell respiration and was

abolished by anaerobiosis and metabolic poisons such as cyanide,

iodacetate and dinitrophenol. The synthesis was not affected by

stimulants of secretion such as feeding or carbamylcholine. Opti-

mum synthesis of amylase depended on the presence of ten amino-

acids amongst which tryptophane, tyrosine, valine and leucine

could be replaced by their corresponding keto-acids. Anrep and

Khan (1923) found that restoration of the protein output of the

submaxillary gland after physiological exhaustion was very slow

so that on the average three days was necessary for complete

restitution. Stavraky (1940) arrived at a similar estimate on the

basis of the steady state of protein secretion after prolonged stimu-

lation of the cat's submaxillary gland. Burgen, Weiss and Seeman

(1959) found that the proteins of the dog parotid saliva could be

divided into two fractions, one apparently derived from the ducts

and the other from the acinar. The acinar protein behaved in a
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similar way to that found by Anrep, Khan, Stavraky and others

(Langstroth, McRae and Stavraky, 1938) in being readily exhaust-

ible and in being regenerated at a very slow rate of about 0-5 per

cent/hour. On the other hand, proteins of duct origin were not

exhausted by stimulation and were synthesized at a higher rate

more comparable to that found in the pancreas. It appears that

protein of duct origin is not an important fraction of the, sub-

maxillary gland secretion. Fritz (1955) found that N 15 labelled

glycine appeared in salivary gland proteins to about the same extent

as in liver proteins, but as the shortest period of study was 18

hours and no distinction was made between structural proteins

and secretory products this study is not very helpful. Martin (un-

published) has found that C 14 valine is incorporated into salivary

proteins, but the rate of appearance is quite slow. Similar results

have been obtained in the pancreas (Junqueira, Hirsch and Roth-

schild, 1955 ; Siekevitz and Palade, 1958). Nothing is known of the

rate of incorporation of carbohydrates in the mucoproteins of

saliva. There is no change whatsoever in the content of RNA or

DNA in the cell following starvation or physiological exhaustion

of the salivary gland or pancreas (Hokin and Hokin, 19546; Daly

and Mirsky, 1952).
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CHAPTER XII

THE CONTROL OF SALIVARY SECRETION

Our knowledge of the control of salivary secretion originates from

different sources. The first indication of the existence of a "salivary

centre" was obtained by chance in experiments in which irritative

damage was done to various parts of the brain stem. Transverse

sections through the central nervous system later on served to

locate the region from which a salivary reflex can be evoked. After

degenerative section of the preganglionic secretory nerves the posi-

tion of their cell bodies in the central nervous system could be

found by microscopic examination. Some knowledge of the control

of salivary secretion has been gained by clinical observations and

in experiments in which drugs have been applied to different parts

of the central nervous system. The most precise information has

been obtained by electrical stimulation of restricted areas, followed

by histological control.

The double supply of secretory fibres to the glands from the two

divisions of the autonomic nervous system makes it necessary to

decide, in stimulation experiments, whether parasympathetic or

sympathetic fibres were activated. This can be done by cutting the

fibres or by using specific inhibitors, such as atropine and ergot-

amine. In several of the investigations reported in the literature

such precautions were omitted and we do not know which type of

fibres were excited. When pronounced and well-maintained secre-

tory responses were obtained it can usually be concluded that the

parasympathetic mechanism was at work. It should further be kept

in mind that stimulation of various parts of the central nervous

system may increase the discharge of adrenaline from the supra-

renal medulla, thereby causing a flow of saliva ; in experiments on

glands relatively sensitive to adrenaline such as the submaxillary

or sublingual gland of the cat, or the parotid gland of the rabbit,

it seems advisable to remove or denervate the adrenals. For

example stimulation of the central end of the sciatic nerve causes

a flow of saliva which, at least in part, is due to adrenaline, released

reflexly from the adrenal medulla.

237
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PRIMARY CENTRES OF SALIVARY SECRETION

The only source of information about the location of the cell

bodies of the preganglionic, sympathetic secretory fibres seems to

be an investigation by Langley (1892), and it applies exclusively to

the submaxillary gland of cats and dogs. Langley stimulated the

cervical and thoracic nerves and obtained a secretory response par-

ticularly from the second thoracic nerve. This effect was smaller

than that evoked by stimulation of the cervical sympathetic trunk

;

some flow of saliva usually occurred when the first, third, fourth

and fifth thoracic nerves were excited. Vasoconstriction was elicited

via the same nerves. No attempts have been made to cause secretion

by stimulating the lateral column of the spinal cord in the cor-

responding segments. It is not known whether secretion can be

evoked reflexly at this level, nor have any supraspinal pathways

been explored. The only suggestion of supraspinal fibres acting on

the spinal secretory cells can be found in a paper by Grutzner

(1873), who stimulated the medulla oblongata electrically and

obtained a secretion which ceased when the cervical sympathetic

trunk had been cut.

For the parasympathetic system the nerve cells of the pregan-

glionic neurone are situated in the lower brain stem. When study-

ing the diabetes produced by puncture of the floor of the fourth

ventricle in dogs, Claude Bernard (1856) sometimes observed a

flow of saliva; the wound could elicit a secretion both from the

parotid and submaxillary glands, but lesions could be made which

activated the latter gland only. Similar observations were later made

by Eckhard (1869) and Loeb (1870). Loeb associated the secretory

effects with damage to the fibres and nuclei of the facial and

glossopharyngeal nerves and quoted a case of hypersalivation des-

cribed by Meynert in 1863 ; at autopsy an abscess was found in the

pons which had perforated into the fourth ventricle and injured

the medulla. In his experiments, referred to above, Grutzner (1873)

inserted two needles into the medulla and often found this to cause

some secretion from the submaxillary gland. When the needles

were used as electrodes for electrical stimulation there was an

abundant flow of saliva ; after section of the chorda tympani this

effect was small, and no secretion at all was obtained when the

sympathetic fibres had been cut as well.

Beck (1898) made a series of transverse sections through the
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central nervous system in curarized dogs and studied the effect on
the submaxillary secretion evoked reflexly by afferent stimulation.

The reflex was retained as long as the section was made rostrally

to the region containing the nucleus of the facial nerve.

Histological methods were applied by Kohnstamm (1902, 1907),

Solomowicz (1908), and Yagita and Hayama (1909, 19 10). After

degenerative section of the preganglionic parasympathetic fibres in

dogs, the chromatolysis in the brain stem was studied. As a result

of this work it was established that a "nucleus salivatorius" consist-

ing of a neurone pool in the reticular formation extends from the

nucleus of the facial nerve to the anterior part of the nucleus

ambiguus. The rostral portion, the nucleus salivatorius superior,

is connected with the submaxillary and presumably the sublingual

gland, the nucleus salivatorius inferior with the parotid gland.

Clinical observations suggest that a similar arrangement exists in

man (Feiling, 19 13).

Stimulation experiments, combined with histological examina-

tion, have confirmed these findings. Miller (191 3) stimulated elec-

trically the dorsal surface of the medulla oblongata in decerebrate

cats using a unipolar electrode. When currents of minimal intensity

were used it was possible to localize one point yielding only parotid,

and a second point yielding only submaxillary secretion; responses

were obtained solely from the ipsilateral glands. The "parotid

point" was situated about 6 mm in front of the tip of the calamus

scriptorius, the "submaxillary point" about 2 mm in front of the

"parotid point". More recently the salivary centres have been ex-

plored systematically (Fig. 12.1) using small, bipolar electrodes in

cats (Chatfield, 1941 ; Wang, 1943) and monkeys (Magoun and

Beaton, 1942). From this work it is obvious that there is no sharp

division between the two salivary nuclei ; in the intermediate zone,

stimulation yields both submaxillary and parotid secretion. It may

be of interest to point out in this connection that the human parotid

gland is supposed to be supplied not only by glossopharyngeal, but

also by facial fibres (Reichert and Poth, 1933). In the stimulation

experiments of the more recent investigators a parasympathetic

mechanism was activated, for the secretory responses were abol-

ished by atropine or parasympathetic denervation. In an investi-

gation on "pseudomotor contracture" in the tongue, Corbin,

Harrison and Wigginton (1941) found that stimulation of the

intramedullary portion of the seventh nerve and the reticular matter
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Fig. 12. i. Diagrammatic representation of results obtained upon stimulation

of the medulla of 35 cats.

The sections are about 1 mm apart. Each large solid circle or triangle represents a response of

salivary flow at a rate of more than 0-25 c.c. per min, and each small solid circle or triangle, at

a rate of 01 c.c. to 0-25 c.c. per min. Secretion of less than 01 c.c. per min is not represented.

Circles indicate responses from the right submaxillary gland, and triangles, responses from the

right parotid gland but transposed to the opposite side. Abbreviations are: BC—brachium con-

junctivum; CS—cortico-spinal tract; DVN—dorsal or medial vestibular nucleus: Z) IT?—de-
scending vestibular root: F—medial longitudinal fasciculus; IO— inferior olive; .R—restiform
body; S—solitarv fasciculus; SO— superior olive; SV— spinal tract of the trigeminal nerve;

7Y— trapezoid body; VCN—ventral cochlear nucleus; VN— spinal nucleus of the trigeminal

nerve; VI—abducens nerve; VII— facial nerve: VIIN—facial nucleus (Wang, 1943)-

close to it caused a contracture, and vasodilatation in the tongue

as well as salivary secretion. Vascular responses in the submaxillary

gland were not studied, but the observations seem to suggest that

the secretory and vasodilator mechanisms of the glands are closely

connected and difficult to separate, at least at the medullary level.

On stimulation of the salivary nuclei, predominantly ipsilateral

responses were obtained, and these were ascribed to the activation

of salivary motor nuclei and their efferent root fibres. The centres

seem to innervate mainly the glands of the same side. Sometimes,

however, bilateral effects were elicited; they were supposed to be
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the result of excitation of afferent fibres, particularly taste fibres,

acting upon the salivary centres of both sides. The bilateral secre-

tory responses usually observed when afferent fibres of one side

were stimulated would therefore be due to a partial decussation of

the afferent limb of the reflex arc. Claude Bernard (1858) had found
that stimulation of the central end of one of the lingual nerves

(medial to the submaxillary duct) caused a flow of saliva from both

submaxillary glands. Also unilateral section of the lingual nerve

causes a supersensitivity to chemical agents in both submaxillary

glands (Emmelin, 1956). In his experiments on the human parotid

gland Lashley (1916) noticed that a small amount of hydrochloric

acid applied to one side of the tongue gave a secretion from both

glands but it was particularly marked on the side stimulated. In

decerebrate cats Miller (19 13) observed that stimulation of the

central end of the lingual nerve brought about an abundant secre-

tion from the ipsilateral submaxillary gland, less secretion from the

ipsilateral parotid gland and a slight secretion from the contra-

lateral submaxillary and parotid glands. When the central end of

the glossopharyngeal nerve was stimulated he found a good flow

from the ipsilateral parotid gland, less from the ipsilateral sub-

maxillary gland and small responses from the contralateral glands.

Krasnogorski's (1931) observations on children seem to agree with

these findings. When the anterior part of the tongue was stimulated

the submaxillary gland was especially affected, whereas stimulation

of the lateral and posterior part of the tongue activated predomin-

antly the parotid gland. These experiments suggest that the afferent

fibres from the mouth act on all the four salivary nuclei of the

medulla and particularly the ipsilateral ones, and that the lingual

fibres affect more the superior than the inferior nucleus saliva-

torius, whereas the opposite is true for the glossopharyngeal fibres.

EFFECTS OF SUPRABULBAR STRUCTURES

Secretion of saliva can be evoked reflexly in decorticated dogs

and cats (Rothmann, 19 10, 1923 ; Dusser de Barenne, 1920). It can

even be elicited in decerebrate animals, for instance by placing some

acid on the tongue. The medullary salivary nuclei, therefore, must

be able to act as centres for the gustatory reflex. It is obvious, on

the other hand, that suprabulbar structures exert excitatory and

inhibitory actions on the centres in the brain stem. This is evident

from the classical experiments by Pavlov on conditioned salivary

p.s.g.—

R
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secretion, extensively dealt with in his monograph Conditioned

reflexes (1940) and from all the observations which resulted from

Pavlov's pioneer work (see for instance Lashley, 1916; Kras-

nogorski, 1931 ; Wolff, 1937). Numerous other examples of physio-

logical or clinical observations indicative of an influence on the

medullary secretory centres from higher levels could be quoted.

Experiments in which salivary secretion could be elicited by elec-

trical stimuli or certain drugs applied locally to various suprabulbar

structures will be described later on. Inhibition of salivary secretion

can, in most instances, be explained only as due to an inhibitory

influence of higher regions on the medullary centres ; there is no

reason to believe in the existence of peripheral inhibitory fibres to

the glands, and a diminished secretion caused by hyperactivity in

the sympathetic vasoconstrictor fibres, as described in Chapter VII,

is certainly in most cases only of secondary importance. Inhibition

of secretion is seen in sleep (see for instance Schneyer, Pigman,

Hanahan and Gilmore, 1956). Similarly, the reflex response to

lemon juice was found to be reduced by hypnosis (Jenness and

Hackman, 1938). The dryness of the mouth in fear is well known.

Knowledge of this emotional effect was made use of long ago in the

Indian rice test; a suspect unable to swallow his rice because of

lack of saliva was assumed to be afraid of detection, i.e. to be guilty.

According to Lourie (1943) the flow of parotid saliva is extremely

abundant in infancy and declines rapidly to the age of 5 years, then

falling off more gradually until early puberty. Lourie assumes that

during these first years higher centres mature and gradually gain

an inhibitory control over the medullary salivary centres. It may be

pointed out that Krasnogorski (1931) obtained greater secretory

response in older than in younger children. This discrepancy might

be due to the fact that the latter investigator studied secretion

elicited reflexly by citric acid, whereas Lourie collected saliva

without application of any stimuli except those always present in

such experiments.

Clinical experience provides many further samples of disturb-

ance in the secretion of saliva in diseases of the central nervous

system, for instance the hypersalivation in parkinsonism. In many
cases of epilepsy, hypersalivation has been mentioned as a symp-

tom (see Penfield and Jasper, 1954, and for animal experiments

Hunter and Jasper, 1949). In the first case of "diencephalic auto-

nomic epilepsy", described by Penfield (1929), a cholesteatoma in
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the upper and anterior part of the wall of the third ventricle was
found to provoke peculiar seizures, characterized by sudden sweat-
ing, flushing, salivation, lachrymation and respiratory disturb-

ances. Strongin and Hinsie (1938) studied the secretory rate in

schizophrenia and found it to increase as the deterioration pro-

ceeded; it was assumed that as the patient regressed to more in-

fantile levels his salivary secretion likewise returned to the infantile

level characterized by a high rate of flow (Lourie, Barrera and
Strongin, 1942). In depressions of the manic-depressive type the

flow, on the other hand, is said to be diminished (Lourie, Barrera

and Strongin, 1942; Ekblad, 1944).

In many of the examples enumerated above there is a more or

less clear indication as to the region of the central nervous system

engaged in the control of the secretion of saliva. Diencephalic and

cortical areas seem to be of particular interest. There is direct ex-

perimental evidence to show that electrical stimulation of certain

diencephalic and telencephalic regions may affect salivary secretion.

Stimulation in the diencephalon. In their classical experiments on

"Gehirn und Sympathicus" Karplus and Kreidl (1909) mainly

studied effects on the pupil of electrical stimulation of the base of

the brain in the hypothalamic area; they observed also, however,

secretion of saliva, tears and sweat. The secretion they observed

could have been of sympathetic origin and even brought about by

adrenaline from the suprarenals, since the experiments were on

cats. Stavraky (1936) stimulated the posterior hypothalamus from

the opened third ventricle in cats under dial anaesthesia and

recorded various effects which were ascribed to excitation of the

sympathetic nervous system, among them salivation.

From such experiments on anaesthetized animals it can be con-

cluded that the salivary glands belong to those structures, inner-

vated by autonomic nerves, that can be activated from the hypo-

thalamus. Experiments on unanaesthetized animals have, however,

been necessary to throw light on the functional significance of the

salivary secretion which can be initiated from this region. In

different patterns of physiological reactions which can, in freely-

moving cats, be imitated by electrical stimulation of various parts

of the hypothalamus from an implanted electrode, secretion of saliva

often is one of the symptoms. In ''sham rage" (Bard, 1928) of cats,

for instance, spitting is described as a characteristic feature. Ran-

son, Rabat and Magoun (1935) implanted a bipolar needle electrode
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in the hypothalamus of cats ; on electrical stimulation a picture of

intense emotional excitement was obtained and after stimulation

for one minute or more saliva was observed to run from the mouth.

Similar observations were reported by Masserman (1937, 1938,

19390, I 94 1 )- Other symptoms were found in these experiments,

which do not seem to belong to the pseudo-affective reaction, such

as licking movements of the tongue and jaws.

The investigations by Hess and his associates throw further light

on such findings and give a very interesting picture of salivation as

participating in various physiological mechanisms for which there

is evidence to show that the diencephalon serves as an integrative

area (Hess and Magnus, 1943; Baum, 1945; Hess, 1948, 1949).

Stimulation of certain regions in the waking cat resulted in secretion

of saliva, combined with movements of the lips and tongue, and

chewing and swallowing; the picture was that of an eating cat.

Responses from other areas were those of a cat trying to rid itself

of an objectionable substance: a special type of licking, salivation,

retching and vomiting. Another group of symptoms bring the

thermoregulatory function of the hypothalamus to mind. In cats

and dogs where sweat glands occur only over a very small area of

skin, removal of heat by evaporation of water depends mainly on

a free flow of saliva over the tongue, and a rapid passage of air over

these surfaces through panting. In the experiments referred to,

stimulation produced a widely opened mouth with the tongue pro-

truded, rapid and shallow respiration, and saliva dripping from the

mouth. Finally, defence reactions, similar to those described by

Bard, Ranson et al. and Masserman, were initiated from certain

regions. For a closer anatomical localization of the different groups

of symptoms studied, the papers and monographs by Hess and his

co-workers, including the topographical atlas by Hess (1956),

should be consulted.

Chemical agents, injected into the hypothalamus, may produce

the same symptoms as electrical stimulation. Masserman (1938,

19396, 1941) injected strychnine, metrazol and picrotoxin into the

hypothalamus through a needle that was also used for electrical

stimulation, and obtained the symptoms of the sham rage reaction

although they were more prolonged than when electrical current

was used for excitation ; among the symptoms mentioned is saliva-

tion. As described in Chapter IV, numerous drugs may induce a

secretion of saliva when introduced into the ventricular system of
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the brain. Of particular interest for the present discussion are the

observations made by Feldberg and Sherwood (1954) on non-
anaesthetized cats. Various agents, injected into a lateral ventricle,

were found to cause secretion of saliva combined with symptoms
such as panting, retching, vomiting, licking and swallowing.

Very little is known as to the type of peripheral, secretory fibres

that can be activated from the diencephalon. In alimentary reflexes

parasympathetic fibres are very likely involved. In emotional re-

actions the sympathetic system is generally assumed to discharge,

as described by Cannon for the "emergency reaction". When try-

ing to attribute some function to the sympathetic secretory fibres

of the salivary glands, which apparently take no part in digestive

reflexes, it is tempting to assume that these fibres are excited in the

emergency reaction. On the other hand, the reduction of salivary

secretion as an expression of less aggressive emotions must imply

a central inhibition, possibly from the hypothalamus, exerted on

the parasympathetic nuclei in the lower brain stem.

Stimulation in the telencephalon. During the nineteenth century

numerous investigators observed a flow of parotid and submaxil-

lary saliva when an area above and in front of the Sylvian fissure

was excited in dogs (Bochefontaine, 1876; Bechterew and Mis-

lawski, 1888, 1889; Eckhard, 1889; Ziehen, 1899). The secretion

resembled that evoked by stimulation of the parasympathetic

secretory nerves and could be abolished by section of these fibres.

These observations have been confirmed and extended by more

recent investigators using stimulation methods which allow a more

detailed localization of the response. In general the secretory

responses obtained seem to be part of feeding reactions, elicited

from areas representing taste, tactile perception in the oral region,

smell, and from areas where responses of the muscles of the face,

the mouth and the throat can be produced. Walker and Green

(1938) frequently observed a profuse salivation when stimulating

the motor face area in primates. Crouch and Thompson (1939)

studied various autonomic effects of stimulation of the cerebral

cortex. Such effects, among them a flow of saliva, could be ob-

tained in cats and dogs at the junction of the frontal and anterior

sigmoid gyri, and in monkeys from the superior frontal gyrus and

the portions of the precentral gyrus adjoining it. Several other

investigators have, likewise, observed salivation when stimulating

this part, or the orbital gyri, of the frontal lobe in cats, dogs and
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monkeys (Sachs, Brendler and Fulton, 1949; Hess and Akert,

1 951). In their operations on patients under local anaesthesia Pen-

field and Rasmussen (1950) noticed a flow of saliva when the region

surrounding the lower part of the fissure of Rolando was stimulated

electrically ; the secretion was associated with tongue movements,

mastication and swallowing. In anaesthetized dogs Babkin and van

Buren (1951) could elicit the same effects by stimulating the

corresponding gyri (Fig. 12.2).

Salivation has also been produced by electrical stimulation in the

rhinencephalon. In cats with the neopallium previously removed

Schaltenbrand and Cobb (1930) found that excitation of the an-

Hind limb*
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Fig. 12.2. Diagram illustrating the distribution of the motor representation

in man and dog.

The area containing "motor cortex" defined as thick agranular cortex with giant pyramidal cells

in the fifth layer has been indicated in dots (Babkin and v. Buren, 1951).
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terior commissure caused flow of saliva and licking, chewing and
swallowing movements. Rioch and Brenner (1938) obtained similar

effects in cats and opossums, after ablation of the neocortex, when
they stimulated the basal olfactory areas ; they concluded that the

central representation of the feeding reactions which are associated

with smell is in the basal olfactory brain, and possibly chiefly in the

pyriform lobe. Stimulation of the amygdaloid nuclear complex may
cause a profuse secretion of saliva, often associated with licking,

sniffing, chewing and swallowing movements, as described by
numerous investigators (Kaada, 195 1 ; Gastaut, Vigouroux, Cor-

riol and Badier, 1951 ; MacLean and Delgado, 1953; Baldwin,

Frost and Wood, 1954; Kaada, Andersen and Jansen, 1954; Mag-
nus and Lammers, 1956; Kaada and Ursin, 1957; Shealy and

Peele, 1957; Molina and Hunsperger, 1959).

REFERENCES

babkin, B. P. and J. M. van buren (1951). Mechanism and cortical repre-

sentation of the feeding pattern. Arch. Neurol. Psychiat., 66, 1-19.

Baldwin, M., L. L. frost and c. D. wood (1954). Investigation of the

primate amygdala. Neurology, 4, 586-598.
bard, P. (1928). A diencephalic mechanism for the expression of rage with

special reference to the sympathetic nervous system. Amer. J.
Physiol, 84, 490-515.

baum, w. (1945). Speichelfluss als Symptom elektrischer Reizung im
Zwischenhirn und den angrenzenden Gebieten. Helv. physiol. acta,

3, 21-40.

bechterew, w. and N. mislawski (1888). Ueber den Einfluss der Hirn-

rinde auf die Speichelsecretion. Neurol. Centralblatt, 7, 553-556.

(1889). Zur Frage iiber die die Speichelsecretion anregenden Rin-

denfelder. Neurol. Centralblatt, 8, 190-193.

beck, a. (1898). Zur Innervation der Speicheldriisen. Centralblatt f.

Physiol., 12, 33-37-
BERNARD, c. (1856). Lecons de physiologie expe'rimentale, Vol. 2. Bailliere,

Paris.— (1858). Lecons sur la physiologie et la pathologie du systeme nerveux, Vol.

2. Bailliere, Paris.

bochefontaine (1876). Etude experimentale de l'influence exercee par la

faradisation de l'ecorce grise du cerveau sur quelques fonctions de la

vie organique. Arch. Physiol, norm, path., 140-172.

chatfield, p. o. (1941). Salivation in response to localized stimulation of

the medulla. Amer. J. Physiol, 133, 637-641.

corbin, k. b., f. Harrison and c. wigginton (I94 1 )- Elicitation of the

"pseudo-motor contracture" in the tongue by intramedullary stimu-

lation. Arch. Neurol. Psychiat., 45, 271-281.

crouch, r. l. and J. k. Thompson (1939). Autonomic functions of the cere-

bral cortex. J. Nerv. Ment. Dis., 89, 328-334-



248 The Control of Salivary Secretion

dusser de barenne, j. G. (1920). Recherches experimentales sur les

fonctions du systeme nerveux central, faites en particulier sur deux
chats dont le neopallium avait ete enleve. Arch, ne'erl. Physiol., 4,

31-123.
eckhard, c. (1869). Untersuchungen liber Hydrurie. Beitr. Anat. Physiol.,

4, 153-193-— (1889). Die Speichelsecretion bei Reizung der Grosshirnrinde. Neurol.

Centralblatt, 8, 65-67.
ekblad, M. (1944). Forandringar i salivsekretionen vid depressiva trill—

stand. Svenska Ldkartidn., nr 27.

emmelin, N. (1956). Sensitization of salivary glands by denervation.

XXth Int. Physiol. Cong. Brussels, 269-270.
feiling, A. (191 3). On the bulbar nuclei, with special reference to the

existence of a salivary centre in man. Brain, 36, 255-265.
feldberg, w. and s. L. sherwood (1954). Injections of drugs into the

lateral ventricle of the cat. J. Physiol., 123, 148-167.

gastaut, H., R. vigouroux, J. corriol and m. badier (1951). Effects de la

stimulation electrique (par electrodes a demeure) du complexe
amygdalien chez la chat non narcose. jf. Physiol., Paris, 43, 740-746.

grutzner, P. (1873). Beitrage zur Physiologie der Speichelsecretion.

Arch. ges. Physiol., 7, 522-529.
hess, w. R. (1948). Die funktionelle Organisation des vegetativen Nerven

systems. Schwabe, Basel.

— (1949). Das Zzvischenhirn. Schwabe, Basel.

— (1956). Hypothalamus und Thalamus. Thieme, Stuttgart.

hess, w. R. and k. akert (195 i). Die corticale Representation von Gesicht,

Oral- und Pharyngealsphare bei der Katze. Helv. physiol. acta, 9,

269-289.
hess, w. r. and w. o. c. magnus (1943). Leek- und Kau-Automatismen

bei elektrischer Reizung im Zwischenhirn. Helv. physiol. acta, 1,

533-547-
hunter, J. and H. H. jasper (1949). Effects of thalamic stimulation in

unanaesthetized animals. Electroenceph. clin. Neurophysiol., i, 305-

jenness, A. and R. c. hackman (1938). Salivary secretion during hypnosis.

Jf. exp. Psychol., 22, 58-66.

kaada, b. r. (1951). Somato-motor, autonomic and electrocorticographic

responses to electrical stimulation of "rhinencephalic" and other

structures in primates, cat and dog. Acta physiol. scand., 24, Suppl.

S3-

kaada, B. R., P. andersen and J. jansen (1954). Stimulation of the amyg-
daloid nuclear complex in unanaesthetized cats. Neurology, 4, 48-64.

kaada, B. R. and H. ursin (1957). Further localization of behavioral

responses elicited from the amygdala in unanaesthetized cats. Acta
physiol. scand., 42, Suppl. 145, 80-81.

karplus, j. p. and a. kreidl (1909). Gehirn und Sympathicus. I. Mit-
teilung. Zwischenhirnbasis und Halssympathicus. Arch. ges. Physiol.,

129, 138-144-
kohnstamm, o. (1902). Der Nucleus salivatorius chordae tympani (nervi

intermedii). Neurol. Centralblatt, 21, 848.

kohnstamm, o. and j. wolfstein (1907). Versuch einer physiologischen

Anatomie der Vagusurspriinge und des Kopfsympathicus. J. Psychol.

Neurol., 8, 177-203.



References 249

krasnogorski, N. I. (1931). Bedingte und unbedingte Reflexe im Kindes-
alter und ihre Bedeutung fur die Klinik. Ergebn. inn. Med. Kinder-
heilk., 39, 613-730.

langley, J. n. (1892). On the origin from the spinal cord of the cervical
and upper thoracic sympathetic fibres, with some observations on
white and grey rami communicantes. Philos. Trans., 183, 85-124.

lashley, K. s. (1916). Reflex secretion of the human parotid gland. J. exp.
Psychol., 1, 461-493.

loeb, L. (1870). Ueber die Secretionsnerven der Parotis und uber Saliva-
tion nach Verletzung des Bodens des vierten Ventrikels. Beitr. Anat.
Physiol., 5, 1-26.

lourie, R. s. (i943)- Rate of secretion of parotid glands in normal children.
Amer. J. Dis. Child., 65, 455-479.

lourie, r. s., s. e. barrera and e. i. strongin (1942). Autonomic nervous
system function in children with behavior problems as measured by
the parotid secretory rate. Amer. J. Psychiat., 99, 419-425.

Maclean, p. d. and j. m. r. delgado (1953). Electrical and chemical stimu-
lation of frontotemporal portion of limbic system in the waking
animal. Electroenceph. din. Neurophysiol., 5, 91-100.

magnus, o. and h. j. lammers (1956). The Amygdaloid-Nuclear Complex.
Folia Psychiat. Neurol. Neurochir. Ne'erl., 59, 555-582.

magoun, H. w. and L. e. beaton (1942). The salivatory motor nuclei in the

monkey. Amer. J. Physiol., 136, 720-725.
masserman, j. H. (1937). Effects of sodium amytal and other drugs on the

reactivity of the hypothalamus of the cat. Arch. Neurol. Psychiat.,

37, 617-628.
— (1938). The effect of strychnine sulphate on the emotional mimetic

functions of the hypothalamus of the cat. jf. Pharmacol., 64, 335-354.— (1939a). Effects of morphine sulphate on hypothalamus of the cat.

Proc. Soc. exp. Biol., N.Y., 42, 315-317.— (19396). Action of metrazol (pentamethylenetetrazol) on the hypothala-

mus of the cat. Arch. Neurol. Psychiat., 41, 504-510.— (1941). Is the hypothalamus a center of emotion? Psychosom. med.,

3, 3-25-

miller, f. r. (1913). On the reactions of the salivary centres. Quart. J.

exp. Physiol., 6, 57-72.

molina, A. f. de and r. w. hunsperger (1959). Central representation of

affective reactions in forebrain and brain stem ; electrical stimulation

of amygdala, stria terminalis, and adjacent structures. J. Physiol.,

145, 251-265.
pavlov, j. P. (1940). Conditioned reflexes. Oxford University Press.

penfield, w. (1929). Diencephalic autonomic epilepsy. Arch. Neurol.

Psychiat., 22, 358-374-
penfield, w. and H. jasper (1954). Epilepsy and the functional anatomy of

the human brain. Little, Brown, Boston.

penfield, w. and T. rasmussen (1950). The cerebral cortex of man. A clini-

cal study of localization of function. MacMillan, New York.

ranson, s. w., h. kabat and h. w. magoun (i935)- Autonomic responses

to electrical stimulation of hypothalamus, preoptic region and sep-

tum. Arch. Neurol. Psychiat., 33, 467-477.

reichert, f. l. and e. j. poth (1933). Pathways for the secretory fibres

of the salivary glands in man. Proc. Soc. exp. Biol, N.Y., 30, 973-

977-



250 The Control of Salivary Secretion

rioch, d. and c. brenner (1938). Experiments on the corpus striatum and
rhinencephalon. J. comp. Neurol., 68, 491-507.

rothmann, h. (1923). Zusammenfassender Bericht uber den Rothmann-
schen grosshirnlosen Hund nach klinischer und anatomischer Unter-

suchung. Z. ges. Nearol. Psychiat., 87, 247-313.
rothmann, M. (1910). Der Hund ohne Grosshirn. Dtsch. Z. Nervenheilk.,

38, 267-269.
sachs, E., s. J. brendler and j. F. fulton (1949). The orbital gyri. Brain,

72, 227-240.
schaltenbrand, G. and s. cobb (1930). Clinical and anatomical studies on

two cats without neocortex. Brain, 53, 449-488.
SCHNEYER, L. H., W. PIGMAN, L. HANAHAN and R. W. GILMORE (1956). Rate

of flow of human parotid, sublingual, and submaxillary secretions

during sleep. J. dent. Res., 35, 109-114.

shealy, c. n. and T. L. peele (1957). Studies on amygdaloid nucleus of

cat. J. Neurophysiol., 20, 125-139.

solomowicz, j. (1908). Vom Centrum der Submaxillardruse. Neurol.

Centralblatt, 27, 724-727.
stavraky, G. w. (1936). Response of cerebral blood vessels to electric

stimulation of the thalamus and hypothalamic regions. Arch. Neurol.

Psychiat., 35, 1002-1028.

strongin, e. 1. and l. e. hinsie (1938). Parotid secretory rate in schizo-

phrenic patients. J. Nerv. Ment. Dis., 87, 715-724.
walker, a. e. and H. D. green (1938). Electrical excitability of the motor

face area; a comparative study in primates.^. Neurophysiol., i, 152-

165.

wang, s. c. (1943). Localization of the salivatory center in the medulla of

the cat. J. Neurophysiol., 6, 195-202.

wolff, h. g. (1937). Die bedingte Reaktion. In Handbuch der Neurologie,

Vol. 2, ed. Bumke & Foerster. Springer, Berlin.

yagita, k. (1910). Weitere Untersuchungen uber das Speichelzentrum.

Anat. Anz., 35, 7o~75-

yagita, k. and s. hayama (1909). Ueber das Speichelsekretionscentrum.

Neurol. Centralblatt, 28, 738-753.
Ziehen, t. (1899). Ein Beitrag zur Lehre von den Beziehungen zwischen

Lage und Function im Bereich der motorischen Region der Gross-

hirnrinde mit specieller Rucksicht auf das Rindenfeld des Orbi-

cularis oculi. Arch. Anat. Physiol., Physiol Abtheil., 23, 158-173.



CHAPTER XIII

THE PHYSIOLOGICAL ROLE OE SALIVA

The main functions of saliva are to aid in the digestion of food and

in the protection of the entrance to the alimentary tract. In addi-

tion, various other functions can be attributed to saliva, some of

which only belong to certain species. The present chapter deals

with the role of saliva in mammals, and, particularly, in humans

;

the comparative physiology of salivary secretion is reviewed in

Chapter XIV.

Although saliva has important functions, it is generally not essen-

tial to life. Death occurs in sheep in which saliva is drained off

through fistulae of the parotid ducts, but seems to be due to severe

loss of electrolytes rather than to loss of a juice with a vital func-

tion. Plagge (1938) removed the submaxillary and sublingual

glands in new-born rats or ligated the ducts of these glands. The
animals died from inanition within five days if not forcibly fed with

cow's milk. When the glands were removed after ten days of age

the rats could survive but growth was retarded; when the opera-

tion was made after twenty days or more, development was normal.

Lack of saliva is, however, not without effects in full grown in-

dividuals. Many investigations indicate that the incidence of dental

caries is increased in "desalivated" animals (for references see

Schwartz and Shaw, 1955), illustrating the importance of the pro-

tective functions of saliva. The effect of loss of a digestive action

of saliva may be exemplified by an oft-quoted observation of

Claude Bernard ; a horse, supplied with fistulae of both the parotid

ducts, had great difficulty in chewing and swallowing its dry food

and lost its appetite.

In humans xerostomia may exist because of congenital hypo-

plasia or absence of the salivary glands or may be due to loss of

gland substance after surgical operation or x-ray treatment. Cases

have also been described in which the glands are present but for

unknown reasons unable to secrete reflexly or in response to in-

jected drugs (Hadden, 1889). Such a patient has been observed to

secrete reflexly during pregnancy only (Waldenstrom, personal

communication). In cases of aptyalism, mastication and swallowing
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can be facilitated by sipping fluid frequently; the loss of the pro-

tective action of saliva manifests itself, however, in dental caries.

Reflecting the different functions of saliva, a great variety of

stimuli can elicit salivary secretion. Whereas the unconditioned

reflex secretion of gastric juice is evoked essentially by food in the

mouth, such secretion of saliva can be produced both by edible and

rejectable substances; flow of saliva, contrary to flow of gastric

juice, can be elicited not only by agents acting on the taste buds,

but by tactile and nociceptive stimuli as well. The remarkable

adaptability of salivation to requirements in a seemingly purposeful

way has attracted great attention ever since it was first described

by Pavlov ; among more recent investigations in this field those by

Baxter (1933) and by Montgomery and Stuart (1936) may be men-

tioned. Not only is the quantity of saliva varied in an apparently

useful way, so that dry material causes a more lively flow than does

moist food, and water in itself no flow at all, but the composition

of the saliva secreted is well suited to the situation. Edible sub-

stances, for instance, cause a secretion of saliva rich in mucin which

facilitates swallowing, whereas rejectable agents such as alkali or

sand stimulate a lively flow of thin saliva poor in mucin, so-called

cleansing saliva. It is easily understandable that the composition of

saliva can be varied over a wide range. The saliva produced by one

gland, for instance the parotid, differs greatly from that of another,

e.g. the sublingual gland, and the contributions of all the glands

which together form the mixed saliva may vary considerably with

the stimulus. Furthermore, a single gland such as the submaxillary

is obviously not uniform but composed of different types of secre-

tory cells and their relative contributions to the saliva may vary.

Even in a seemingly uniform gland, such as the parotid, the com-

position of saliva is greatly variable with the intensity and nature

of the stimulus. It is equally comprehensible that these great vari-

tions can be brought about from the other end of the reflex arc, the

receptors, since the salivary glands can be excited not only from

different taste receptors but from touch and pain receptors also.

The more precise mechanism through which the adaptation of the

secretion to the quality of the stimulus takes place is unknown.

The explanation is clearly not to be found in the fact that the gland

cells are supplied both with parasympathetic and sympathetic

secretory fibres, since the composition of the saliva is adapted to

the stimulus even when the sympathetic has been cut.
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DIGESTIVE FUNCTIONS

Saliva is of importance for the mechanical disintegration of the

food by mastication, for the transport of the food through the first

part of the digestive tract, for dissolving the food, and for its

chemical breakdown.

By moistening dry foodstuffs and the oral mucosa the saliva

facilitates chewing. From the food imbibed with saliva a bolus can

be formed and rendered slippery by the salivary mucin ; swallowing

is furthered thereby. Mucin plays an important role by its lubricant

action on the mucosa and the food.

Water-soluble components of the food can be dissolved in saliva

and thus prepared for chemical treatment and eventual absorption.

Saliva is, however, of special importance as a solvent because sapid

substances can be brought to act on the taste buds only when dis-

solved ; therefore, appetite and secretory and motor activity in the

alimentary canal are to some extent indirectly dependent on sali-

vary secretion. The small salivary glands of the tongue probably

play a role in the mechanism of taste; their saliva may remove

sapid substances from the taste buds, leaving the receptors pre-

pared to receive another stimulus. Some substances are said to give

rise to a more persistent taste sensation, for instance iodides and

saccharine. This may be due to the fact that they are excreted in

the saliva.

The composition of the saliva itself is of interest in this con-

nection. It is remarkable, for instance, that saliva contains no

glucose; the blood sugar has to be elevated to a very high level

before glucose appears in saliva or adrenaline has to be injected

(Hebb and Stavraky, 1936; Langstroth, McRae and Stavraky,

1938; Langley, Gunthorpe and Beall, 1958). The absence of

glucose in normal saliva must be of significance for the perception

of sweet. Similarly, the content of sodium in saliva is low, always

considerably below the plasma level (Thaysen, Thorn and

Schwartz, 1954). The concentration of potassium of saliva, it is

true, is relatively high and often given as approximately four times

that of plasma ; but potassium has less effect on the salt receptors

than sodium (Ohrwall, 1891). The threshold for salt taste given by

most authors seems to be above the sodium concentration of saliva

(particularly if the taste buds have not been washed with distilled

water before the estimation). Solutions with less sodium than saliva
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may have a "water taste" (Zotterman, 1949 ; Liljestrand and Zotter-

man, 1954; Cohen, Hagiwara and Zotterman, 1955; Zotterman,

1956).

For the chemical breakdown of food by saliva oc-amylase or

ptyalin is mainly responsible. According to Bernfeld, Staub and

Fischer (1948) all the amylolytic activity of human saliva is due to

a-amylase. Most investigations dealing with the activity of this

enzyme have been carried out on saliva from human beings. The
saliva from some of the common experimental animals has, in fact,

a very low amylolytic power or none at all (see page 178). In most

experiments on humans and animals mixed saliva has been used but

in some investigations parotid saliva has been collected separately

and found to have a much greater activity, sometimes four to eight

times greater than the mixed sample (Evans, 191 3; Fischl and

Kahn, 1930; Basir and Ramabhadran, 1937; Schneyer, 1956).

Ptyalin can be demonstrated in saliva from infants; the activity

is low, however, but increases during the first year to the level

found in saliva of adults (Nicory, 1922). In old age the activity is

much reduced. Meyer, Golden, Steiner and Necheles (1937) com-

pared the amylolytic power of saliva from a group with an average

age of 81 years with that of a group aged 25 years. The activity

was found to be about 30 times greater in the younger than in the

older group. The authors conclude that in old age the pancreas is

mainly responsible for the first steps in the hydrolysis of carbo-

hydrates.

What is the importance of the salivary amylase particularly in

relationship to pancreatic amylase? In a patient with an oesophageal

stricture Bonsdorff (1931) investigated the absorption and utiliza-

tion of food rich in carbohydrates introduced through a gastric

fistula ; he found it to be unimpaired by the absence of saliva and

assumed this to be due to a compensatory hyperactivity of the

pancreas. Conversely, it has been stated that the amylolytic activity

of human parotid saliva may increase when the pancreatic function

is disturbed (Molnar and Ungar, 1931). In dogs it has been found

that ligation of the pancreatic ducts is followed by the appearance

of amylase in saliva, even when the amylase level of the blood is not

raised (Maj and Bonora, 1943). It is not known how these adjust-

ments are brought about. The mechanism may be the same as that

responsible for the adaptation of the salivary amylase concentration

to the diet which is assumed by many investigators to occur.
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Neilson, Lewis and Terry (1906, 1908) found the amylolytic power
of human saliva to increase markedly when the diet was rich in

carbohydrate; they even reported similar observations in dogs.

Mendel and Underhill (1907) were unable to reproduce these find-

ings on dogs; Samytschkina (1932), however, noticed amylase

activity in saliva of dogs fed for some days on a carbohydrate diet.

Further experiments in this field seem desirable.

The fact that the food remains in the mouth for a short period

only, might seem to reduce the importance of the salivary amylase.

As is well known, however, the splitting of polysaccharides under

the influence of saliva continues in the stomach. The fundamental

experiments by Cannon (1898) in which the alimentary canal was

made visible on the x-ray screen by means of a bismuth prepara-

tion, revealed that the fundus of the stomach is relatively quiescent,

whereas the pyloric region is active. Cannon concluded "that the

fundus acts as a reservoir for the food, in which the digestion of

sugars and starches may take place". That the contents of the

fundus is only slowly mixed with acid gastric juice was proved in

the following experiment: "A cat which had been without food for

fifteen hours was given eighteen grams of mushy bread made

slightly alkaline with sodium carbonate. One hour and a half after

the cat had finished eating, she was killed and the stomach laid

bare by opening the abdomen. A very small hole was then made

through the wall in the fundus region, and another similar hole was

made into the antrum. By means of a glass pipette food was ex-

tracted first from the periphery of the fundus ; this food was slightly

acid. The cleaned pipette was then introduced two and a half

centimetres into the fundus contents and the food thus extracted

gave the original alkaline reaction. Specimens of the liquid con-

tents of the antral and middle regions, taken from various depths,

were all strongly acid."

Gmtzner (1905) fed rats on three successive portions of bread

differently coloured; the animals were then killed, the stomachs

extirpated, frozen and cut through. The different portions of food

could be distinctly separated from each other, the food given last

being close to the oesophagus and surrounded by the second por-

tion; the first portion was nearest to the wall of the stomach.

Enzymatic studies showed that an amylolytic activity could exist

in the part of the stomach near the oesophagus simultaneously

with a peptic activity in the pyloric region. This fact has been
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demonstrated in many experimental animals (Grutzner, 1905;

Scheunert, 1906; Ellenberger, 1906) and in man (Prym, 1907;

Sick, 1907).

In the fundus, therefore, acid gastric juice penetrates only slowly

into the bolus. A slight increase in acidity is actually assumed to

increase the activity of the salivary amylase and a rise in the con-

centration of chloride could do the same (Clifford, 1925 ; Ninomiya,

1940; Bernfeld, Staub and Fischer, 1948). The amylolytic action

of saliva has been shown to continue for 15 to 30 minutes in the

human stomach (Bergeim, 1926; Beazell, 1941). During this period

a considerable breakdown of polysaccharides occurs. In a series of

experiments on healthy men receiving a test meal Bergeim (1926)

found that on the average 76 per cent of the starch of mashed

potatoes and 59 per cent of the starch of bread had been converted

to maltose, an additional percentage being changed to dextrins.

Eventually the concentration of gastric juice becomes so high as

to inhibit the ptyalin. Strong acid and pepsin destroy the enzyme

(Gewiss, Rasp and Schwarz, 1926; Ninomiya, 1940). Salivary

amylase can therefore function in the intestine only provided that

it escapes the gastric juice, for instance in achylia.

Numerous other enzymes, apart from ptyalin, have been found

in saliva ; in most instances mixed saliva has been used. Only a few

examples, and a very restricted number of references, may be

given. A lipolytic activity of saliva was observed by Scheer (1928),

Peluffo (1929), Katzenstein (1930) and many later investigators.

Esterase (Mahler and Chauncey, 1957), maltase (Hartles and Was-

dell, 1954), phosphatases (Giri, 1936; Glock, Murray and Pincus,

1938), hyaluronidase (Lisanti, 1950; Gibian, 1952), catalase and

peroxidase (Nickerson, Kraus and Perry, 1957; Wolfe and Turner,

1957), mucolytic enzymes (Knox, 1953), etc., have been detected in

saliva. It seems very unlikely that these enzymes contribute to the

digestive functions of saliva. In many cases the enzymes originate

from the oral bacterial flora (see, e.g., Chauncey, Lionetti, Winer

and Lisanti, 1954; Hartles and Wasdell, 1954). In other instances

they belong to the corpuscular elements of the saliva. This is well

illustrated by the early experiments in this field carried out by

Willstiitter, Bamann and Rohdewald (1929). These investigators

found that the amylolytic activity of saliva was not measurably

reduced when cells and bacteria were removed by centrifugation.

The tryptic activity of saliva, on the other hand, was diminished
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by 85 per cent by this procedure; the remaining activity was
assumed to be due to enzyme from already disintegrated cells.

The role played by some other enzymes found in saliva, such as

lysozyme and kallikrein, will be discussed later in this chapter.

PROTECTIVE FUNCTIONS

The importance of protective functions of saliva for the health

of the teeth has already been mentioned. The oral mucosa is like-

wise dependent on an adequate flow of saliva. The stomatitis which
may appear during fevers is generally assumed to be related to a

reduced salivary secretion. There is some experimental evidence

to show that salivation may be diminished in fevers. Barbour and
Freedman (1921) found that fever, brought about by injection of

coli vaccine in dogs, reduced the salivary response to pilocarpine.

Koropow (1934) produced fever in dogs by injecting turpentine

and found the conditioned salivary reflex to diminish markedly;

the unconditioned reflex and the response to pilocarpine were not

affected. To a great extent the protective action of saliva is no

doubt simply due to the fact that the mucosa is kept moist and

lubricated and the mouth continuously rinsed by a permanent

stream of saliva, for even between the meals saliva is flowing

slowly. During sleep the secretion may be very small and possibly

confined to a spontaneous activity in some glands. When food is

eaten the rate of flow increases enormously. This is, of course,

connected with the digestive functions of saliva ; but an increased

protective action must also be required during a meal. Excessively

hot food is diluted and cooled by saliva, irritating or injurious

agents diluted, acids or alkali dealt with by the buffers of saliva

(see Sellman, 1949).

The protective actions of saliva are also apparent during vomit-

ing. In the stage of nausea, which usually precedes the emptying

of the stomach, salivary secretion is very pronounced, as can be

concluded from the frequent swallowing. When the gastric con-

tents are expelled, saliva protects the mucous membranes.

Much attention has been paid to the antibacterial action of saliva.

Many investigators have assumed that saliva acts not only by wash-

ing away bacteria, and food particles and desquamated cells which

could serve as substrates, but that saliva in addition possesses

specific bacteriostatic or bactericid properties. A great variety of

possible mechanisms has been proposed. The thiocyanate of saliva

p.s.g.—

s
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which has always attracted great attention was at an early stage

supposed to have an antibacterial function ; the evidence in favour

of this view does not seem convincing. The bacterial flora of the

saliva in the mouth has been assumed to exert an antagonistic

action against pathogens. According to Bjornesjo (1950) this is

connected with a competition between the salivary bacteria and

pathogens for essential growth factors in the saliva. Other investi-

gators have assumed the oral flora to produce agents which inhibit

some other bacteria. Such an agent which has been discussed is

hydrogen of peroxide (Hegemann, 1950; Bethge, Soehring and

Tschesche, 1947). Bacteria producing peroxide have been found

to be present in samples of saliva (Hegemann, 1950; Kraus,

Nickerson, Perry and Walker, 1957). Since, however, saliva con-

tains peroxidase and catalase (Nickerson, Kraus and Perry, 1957;

Wolfe and Turner, 1957) the role of peroxide as an inhibitory agent

has been questioned (Bonicke, Reif and Arndt, 1953). Products

from the leucytes of saliva have also been supposed to contribute

to the antibacterial action of saliva (Willstatter, Bamann and

Rohdewald, 1929; Knorr, 1941 ; Dold, 1942). In 1922 Fleming

discovered an agent in tissues and secretions capable of dissolving

certain bacteria. It behaved like an enzyme and was called lysozyme.

The salivary lysozyme is not produced by bacteria but is an original

component of saliva (Chauncey and Lisanti, 1953). Its concentra-

tion is higher in combined submaxillary and sublingual than in

parotid saliva of humans (Hoerman, Englander and Shklair, 1956).

Saliva of most animals investigated contains lysozyme (Goldsworthy

and Florey, 1930).

One complicating factor is that salivary mucin seems to diminish

the activity of lysozyme (Simmons, 1952). The virulence enhan-

cing effect of mucins has long been recognized and made use of in

experimental bacteriology. Smith (1951) demonstrated that mucin

preparations from human saliva increased the virulence of Bad.

typhosum in mice, probably by acting on the defence mechanisms

of the host. Bacteria and mucin were given intraperitoneally and

the experiments were not taken as evidence to show that mucin

actually aids pathogens in their attack on mucosal surfaces.

Since saliva has been found to act against some pathogens which

are not affected by lysozyme, for instance diphtheria bacilli, many
investigators have concluded that other antibacterial agents than

lysozyme are present and probably produced by the salivary glands
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(Dold, Lachele and Hsing, 1936; Weigmann and Noeske, 1937;
Thompson, 1940, 1941 ; van Kesteren, Bibby and Berry, 1942).

OTHER FUNCTIONS

Adequate moistening of the buccal and pharyngeal mucosa is

necessary not only for digestive and protective purposes but for

articulate speech, as experienced in states of anxiety or fright when
the salivary reflex is inhibited.

The role played by saliva in the regulation of the water balance

of the body has for a long time been a controversial subject. The
defenders of the "local dryness" theory assume that water intake

is regulated from the mucosa of the mouth and throat, dryness due

to inadequate salivation acting as a stimulus. According to this

view thirst may be felt and water consumed even with normal

stores of water whenever the mucosa becomes dry, for instance, in

fear, after injection of atropine, when breathing hot and dry air

through the mouth or after ligation of the salivary ducts. In a

dehydrated subject, on the other hand, thirst may be alleviated by

moistening the mucosa with water, by anaesthetizing the mucosa

or by increasing the flow of saliva. This can be achieved by putting

some acid substance into the mouth or even by injecting pilocar-

pine. In order to explain the fact that dehydration gives rise to

thirst, Cannon (19 1 8) pointed out that the salivary glands, like other

tissues, must suffer when water is lacking in the body; experi-

mentally, he found that the secretion of saliva in response to chew-

ing a tasteless gum, decreased when he reduced his water intake

or produced excessive sweating. Similarly, secretion of saliva has

been found to diminish after haemorrhage and after a meal when

large amounts of fluid are lost temporarily with the digestive juices.

Even after intravenous injection of hypertonic sodium chloride

solution the salivary flow is reduced. Some of the findings or their

interpretations upon which this theory is founded have been dis-

puted. Montgomery (193 1a), for instance, observed no increase of

the water intake in dogs after extirpation of the main salivary

glands. Gregersen and Cannon (1932) remarked, however, that the

secretion from the small salivary glands left in these experiments

might be able to keep the mucous membranes adequately moist-

ened under ordinary conditions. They repeated the experiment in

hot surroundings which caused the dogs to pant and found this

procedure to double the water intake. After injections of atropine



260 The Physiological Role of Saliva

the dogs did not drink more water than before in Montgomery's

experiments (19316). In view of the fact that some glands may
secrete spontaneously and therefore even after atropinization, it

would be interesting to repeat this experiment also under condi-

tions of increased demands on the salivary secretion, for instance,

in panting dogs. An attempt to evaluate the different theories put

forward to explain the regulation of the water balance is beyond

the scope of this chapter and the competence of its author. The
problem has been surveyed by Gregersen (1956), who also gives the

literature quoted in this section.

A role just mentioned is that which saliva plays in thermo-

regulation in some species. The salivary glands provide the water

which evaporates from the oral mucosa, particularly that of the

tongue in the panting dog. When exposed to a warm atmosphere

a dog begins to pant and thin watery saliva flows. The secretion is

evoked reflexly from the dry mucosa ; if the mouth is kept closed

or the tongue moistened with water, the salivary flow decreases

(Gregersen, 193 1). It even seems possible to develop a conditioned

reflex with secretion, elicited for thermoregulatory purposes, acting

as the unconditioned stimulus.

It could be assumed that the sympathetic system engaged in

thermoregulatory reactions by acting on the sweat glands and the

blood vessels of the skin would cause the salivary secretion during

panting. This, however, is not the case. Alexandrov (1939) found

that salivation elicited by increasing the body temperature in dogs

by means of tetrahydronaphthylamine was abolished by para-

sympathetic denervation.

It has been mentioned earlier that secretion of saliva is reduced

during fever in dogs. There need not be any conflict between this

fact and the findings described above. Hypersalivation results from

the polypnoea of panting and the consequent dryness of the pro-

truding tongue. There is not necessarily any panting in fever; the

reduced salivary responses to various stimuli during fever may be

due to a certain degree of dehydration.

The use of saliva for toilet purposes provides a further example

of a function of the salivary glands mostly confined to certain

species, for example, the cat. The dog's licking of its wounds, sup-

posed to promote healing, may also be mentioned here; Pavlov

connected this function with the experimental finding that electri-

cal stimulation of various afferent nerves in dogs causes a flow of
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saliva (Liddell, 1936). In cats, spitting is one of the bodily expres-
sions of rage, probably elicited via sympathetic nerves; the llama
is said to use saliva for the same purpose. A function of saliva

specific to humans although perhaps not foreseen by nature is to

aid in the fixation of dentures ; the sticky saliva produced by the
palatine glands is supposed to be particularly valuable in this

respect (Ostlund, 1953). Dryness of the mouth as a side effect to

treatment with ganglionic blocking or parasympatholytic agents in

elderly persons with dentures and suffering from hypertension

or gastric hypersecretion may therefore be particularly incon-

venient. It would be fortunate if the palatine glands were endowed
with the ability to secrete spontaneously as assumed by Ostlund

(!953)-

Specific functions have been attributed to various substances

found in saliva. When the vasodilator effect of saliva was discovered

it was suggested that saliva might promote digestion in the stomach
and intestine by causing hyperaemia there. It was even suggested

that the active agent might be absorbed and play a role in the

regulation of the blood pressure. The agent responsible for the

vasodilatation was identified as kallikrein (Ungar and Parrot, 1936)

and found to be an enzyme acting on proteins to form a vasodilator

polypeptide ; the idea was put forward that this enzyme might act

on proteins in the food producing gastrin-releasing material and

thus promoting gastric digestion (Hilton and Lewis, 1955). Guim-
arais and Tavares (1942) found saliva to cause gastric secretion in

dogs and assumed this effect to be caused by the hypotensive agent

of saliva. Saliva has also been supposed to contain substances which

promote the coagulation of blood (see, e.g., Glazko and Greenberg,

1939; Nour-Eldin and Wilkinson, 1957). Albrechtsen and Thaysen

(1955), on the other hand, found a fibrinolytic activity of human
saliva, similar to that of milk, tears and urine; they suggested that

the fibrinolytic system of saliva aids in the resolution of fibrin clots

which might otherwise obstruct the narrow salivary ducts. Among
other interesting agents present in saliva, the blood group sub-

stances and enzymes destroying these substances may be mentioned

(see Kabat, 1956); it is unknown whether these substances have

any specific function in saliva.

So far, the role of saliva has been mainly discussed. The salivary

glands may have functions other than to produce a fluid with the

effects dealt with above. They are usually described as having an



262 The Physiological Role of Saliva

excretory function. Substances such as iodide, thiocyanate, mer-

cury and lead are known to be secreted in the saliva; the same is

true for alkaloids like morphine (Munch, 1934) and antibiotics like

penicillin, streptomycin, chloramphenicol and aureomycin (Bender,

Pressman and Tashman, 1953). Ethyl alcohol is eliminated through

the salivary glands and its estimation in saliva has been recom-

mended for medico-legal purposes (Linde, 1932; Vollenbruck,

1937; Friedemann, Motel and Necheles, 1938).

A comprehensive literature deals with the salivary glands as

possible endocrine organs. Attention has been paid particularly to

actions of the glands on carbohydrate metabolism. A special hor-

mone, parotin, has also been described acting on protein metabol-

ism and promoting the calcification of dentine ; it is further said to

increase the activity of choline acetylase (Takaoka, Yamaguchi and

Kosaka, 1952; Takaoka, Yamaguchi, Yamada and Kosaka, 1954;

Takaoka, Uono, Ninomiya, Yoshikawa, Yamada and Ishikawa,

1955)-

The finding that salivary glands, particularly those of humans,

are rich in amine oxidase, has led to the hypothesis that the glands

might play a role in the destruction of amines in the blood

(Stromblad, 1959).
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CHAPTER XIV

THE COMPARATIVE PHYSIOLOGY OF THE
SALIVARY GLANDS

While the rest of this book deals exclusively with the salivary

glands of mammals, in particular those of man, the cat, dog and
rat, in this chapter we will discuss some of the variants in salivary

gland function found in other orders. These are of great interest in

showing the specialized functions that the glands can undertake,

although in most instances little is known of the details of their

physiology.

Different classes of insects showed considerable variation in the

degree of organization of their salivary glands ranging from quite

rudimentary sacs to elaborate organs in many of the higher insects.

Baptist (1942) gives a good account of the salivary glands of

Heteroptera. In Notonecta glauca L. the glands are characterized

by large cells with prominent granules and vacuoles. The glands

are innervated by a nervous plexus receiving a glandular nerve

from the hypocerebral ganglion of the stomato-gastric system. The
gland cells discharge their granules during activity. In other mem-
bers of the heteroptera, vesicular glands are found. The secretion

from the gland cells is discharged into a large central storage cavity.

These gland cells contain no zymogen granules but there are small

dense masses of "reserve material" in the basal parts of the cells.

The silk glands of lepidoptera larvae are specialized salivary

glands ; in other orders silk is produced by other glands, for instance

in Arachnids by ventral abdominal glands, in Embioptera glands

situated in the front feet and in Coleoptera by glands in the Mal-

pighian tube or accessory genital tubes (Lesperon, 1937). In Seri-

caria mori the silk glands are two long tubes that unite in the mouth

to form a common tube into which two accessory multilobed

glands (the glands of Lyonnet) add their secretion. These secretions

are passed along the specialized mouth parts (the silk press) in

which the two cylindrical filaments of silk are fabricated into a

single plaited ribbon. The tubular silk glands are lined by a single

layer of cells which show differences between the most proximal

region in which the fibres of silk fibroin are probably made in cells
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with very well developed Golgi apparatus and rich in mito-

chondria, a second region with an expanded lumen and rather

flattened epithelia in which the secretion is stored, and the third

in which sericin (the second silk protein) is probably secreted and

applied to the fibroin threads. In this latter region the epithelium

has a striated appearance not unlike that of the striated duct cells

of the mammalian salivary glands. It is thought that the glands of

Lyonnet may provide a lubricant for the silk press. The silk organ

is comparatively large and would seem to be an admirable object

for the study of secretory problems at the cellular level.

In a large number of insects digestive enzymes are found in the

salivary glands indicating the role of the glands in digestion. For

instance, Wigglesworth (1927, 1956) records the presence of an

active amylase in cockroaches (Blatella germanica and Periplaneta

americana). Its activity was enhanced by halide ions in a similar

way to mammalian amylase but its pH optimum was more acid.

Invertase was also present but maltase and lactase were not.

Baptist (1942) found amylase in the salivary glands of non-blood-

sucking members of the hemiptera and heteroptera. The distribu-

tion of digestive enzymes in the salivary glands in various orders of

insectivora have been summarized by Wigglesworth (1956) and

Roeder (1953).

In blood-sucking insects such as the tsetse fly (Glossina sub-

morsitans and Gl. tachinoides) there are no digestive enzymes in the

saliva which, however, has instead anticoagulant activity (Wiggles-

worth, 1929). In these species the blood is stored undigested in the

crop. Lester and Lloyd (1928) showed that digestion in glossina

was not impaired after removal of the salivary glands. Other blood-

sucking insects (i.e. Cimex and Stomomys) also secrete an anti-

coagulant in the saliva. An interesting specialized digestive func-

tion of the salivary glands occurs in the larva of Chironomus

plumosus L. (Walshe, 1947). This larva first of all makes itself a

tubular burrow and then maintaining itself in position by its

posterior prolegs performs a number of rotating movements with

the anterior part of the body. In this manoeuvre as the head des-

cribes complete circles of alternating directions around the circum-

ference of the burrow the anterior proleg draws out strands of

saliva by rapid approach to and withdrawal from the mouth parts.

In this way a loose saucer-shaped sheet of salivary threads is

formed. The larva then withdraws a few millimetres down the
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burrow dragging with it a salivary thread from the middle of the

sheet which is thus pulled into a conical net. In its new position

the larva makes violent movements which draw a current of water

through the net, which traps the solid particles. The larva then

eats the net and the catch. This process may be repeated every few

minutes.

The salivary glands of Drosophila melanogaster have been exten-

sively studied by geneticists because of the large size of the nuclei

in the cells and the clarity with which the giant chromosomes can

be seen. The glands are simple sacs lined with a single layer of

polygonal cells (Bodenstein, 1943). The salivary glands undergo

remarkable changes during the insect's development. In the first

instar the gland is only about 65 /i long and the nuclei 2-4 // in

diameter, but in the mature third instar the gland is over 1 mm
long and the nuclei 20-25 //. In the larvae and adult insects the

nuclei are smaller (Ross, 1939).

The blood-sucking leeches (Annelidae) produce an anticoagulant

substance from simple salivary sacs that invaginate into the muscle

fibres surrounding the oval cavity (Haycroft, 1884; Franz, 1903).

For many years extracts of the medical leech (Hirudo officinalis)

called hirudin were used experimentally as an anticoagulant. With

the discovery of heparin, interest in hirudin has waned and much

remains to be elucidated on its chemical constitution and mode of

action.

The salivary glands of the octopus are highly developed and

seem to serve a dual purpose as a digestive organ, providing anxi-

olytic and proteolytic enzymes and a copious amount of mucus,

as well as being a source of offensive toxic substances (Ghiretti,

1950; Buddenbrock, 1956).

Extracts of the octopian posterior salivary gland are very toxic

and there seems little doubt that the secretion is used to immobilize

and kill crabs which are the main food of the octopodes. The

pharmacology of octopus saliva is very complicated; originally it

was thought that the main toxic constituents were histamine and

tyramine which are certainly present in high concentration, but in

addition there are large amounts of 5-hydroxytryptamine (first

isolated from octopus salivary glands by Erspamer), acetylcholine,

and murexin (urocanylcholine) as well as toxic proteins. The reason

for the presence of so many toxic substances in this secretion is not

clear.
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The venom glands of snakes are modified salivary glands. Leydig

noted a resemblance to the mammalian parotid glands, although in

most respects the structure seems closer to the salivary glands of

birds in that they have a loculated structure. The salivary duct

opens at the base of a grooved tooth which is the injection device;

the exact anatomical arrangement varies in different species. Ex-

pulsion of preformed secretion from the gland occurs as a result of

contraction of the gland or contraction of surrounding muscles.

Snake venoms contain a great many enzymes (Zeller, 1948) some
of which are concerned with their toxicity. Phospholipase A
(lecithinase) seems to be the main heat-stable toxic factor in the

venom of water mocassins (Agkistrodon piscivorus) and rattlesnakes

(Crotalus terrificus). The rate of absorption of the toxin from the

site of injection is increased by the high concentration of hyalur-

onidase present. Especially high concentration of this enzyme is

present in the venom of vipers (V. aspis, V. riisselli, Echis carinata)

and the krait (Bungarus coerulens) (Deutsch and Diniz, 1956;

Hadidian, 1956; Jaques, 1956).

Deutsch and Diniz (1956) point out that the venom from a

variety of snakes will form bradykinin from a serum globulin, in

the same way that saliva from many mammalian species will

(page 180). Viper venom also has prothrombin-like activity (Devi,

Bose and Sarkar, 1956) whereas cobra venom in the presence of

a plasma cofactor is an inhibitor of the conversion of prothrombin

to thrombin (Devi, Mitra and Sarkar, 1956). These also are rather

similar to the findings in mammalian saliva.

The parotid glands of the toad have long been esteemed in China

under the name of Ch'an Su as a valuable ingredient of the pharma-

copoeia, used in many diseases but especially in cardiac failure.

Chen and his co-workers (Chen, Jensen and Chen, 1931) have

systematically studied the pharmacologically active materials in

toad glands (these have recently been reviewed by Jensen and

Westphal, 1956). These glands have as rich a collection of pharma-

cologically active substances as the octopus salivary gland. Con-

siderable amounts of adrenaline and noradrenaline are present as

well as the indolalkylamines, bufotenine (N-dimethyl-5 hydroxy-

tryptamine), bufotenidine (N-trimethyl-5 hydroxytryptamine),

dehydrobufotenine (3-dimethylvinyl, 5 hydroxyindole) and bufo-

thionine (5-sulphatotryptamine). However, the most fascinating

substances present are a group of steroid glycosides with a highly
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active cardiotonic effect. These fall into two classes, the free glyco-

sides with a six-membered lactone ring (identical to that in scil-

laridin A) called Bufogenins, and conjugates of these substances

with suberylarginine called Bufotoxins. The lethal dose in the cat

of bufalin is 137 //g/kg; this compares favourably in toxicity and
cardiotonic activity with the best of the plant glycosides. Chen
found similar activity in all species of Bufo although the chemistry

of the substances present is not identical. The function of these

substances is unexplained, but they are unlikely to be the source

of an internal secretion, since toads thrive after removal of the

parotid glands. It is possible that they are used offensively since

the material is toxic to a wide range of animals, but it is difficult to

see how they can constitute an effective venom in the absence of an

injection device.

Birds have an elaborate system of salivary glands. Histologically

these glands are septate (Calhoun, 1932). There is a paucity of

physiological data on bird saliva, but presumably it has a lubricative

and digestive function. It is also used in nest building. The oriental

delicacy, birds' nest soup, is made from dried salivary mucin

obtained from the nest of the Borneo swift.

REFERENCES

baptist, B. A. (1942). The morphology and physiology of the salivary

glands of hemiptera-heteroptera. Quart. J. micr. sci., N.S. 83, 91-139.
bodenstein, d. (1943). Factors influencing growth and metamorphosis of

the salivary gland in Drosophila. Biol. Bull., 84, 12-33.

buddenbrock, w. (1956). Vergleichende Physiologie, Bd. 3. Birkhauser,

Basel.

calhoun, m. l. (1932). The microscopic anatomy of the digestive tract of

Gallus domesticus. IozvaJ. Science, 7, 261-381.

chen, K. K., H. jensen and a. L. CHEN (1931). Ch'an Su, the dried venom
of the Chinese toad, the pharmacological action of principles isolated

from it. J. Pharm. Ther., 43, 13-50.

deutsch, h. f. and c. R. diniz (1956). In The venoms. American Assoc.

Adv. Science, Washington.
devi, a., a. k. bose and N. K. sarkar (1956). In The venoms. American

Assoc. Adv. Science, Washington.
devi, a., s. n. mitra and n. k. sarkar (1956). In The venoms. American

Assoc. Adv. Science, Washington.
erspamer, v. (1954). Pharmacology of indolealkylamines. Pharmacol.

Rev., 6, 425-487.
franz, F. (1903). tlber den die Blutgerinnung aufhebenden Bestandtheil

des medicinischen Blutegels. Arch. exp. Path. Physiol, 49, 342-366.



272 Comparative Physiology of the Salivary Glands

ghiretti, F. (1950). Enzima della ghiandole salivari posteriori dei cefalo-

podi. Boll. Soc. ital. Biol, sper., 26, 776-780.
hadidian, z. (1956). In The venoms. American Assoc. Adv. Science,

Washington.
haycroft, j. b. (1884). Uber die Einwirkung eines Secretes des officin-

ellen Blutegels auf die Gerinnbarkeit des Blutes. Arch. exp. Path.

Pharmak., 18, 209-217.
jaques, r. (1956). In The venoms. American Assoc. Adv. Science, Wash-

ington.

jensen, h. and u. westphal (1956). In The venoms. American Assoc. Adv.
Science, Washington.

lesperon, l. (1937). Recherches cytologiques et experimentales sur la

secretion de la soie. Arch. Zool. exper. et gen., 79, 1-156.

lester, h. m. o. and L. lloyd (1928). Notes on the process of digestion in

the tsetse flies. Bull. Ent. Res., 19, 39-60.

roeder, k. d. (1953). Insect physiology. Riley, New York.
walshe, b. M. (1947). Feeding mechanisms in chironomus larvae. Nature,

160, 474-475-
wigglesworth, v. b. (1927). Digestion in the cockroach. II. Digestion of

carbohydrates. Biochem. J., 21, 797-811.— (1929). Digestion in the tsetse fly: a study of structure and function.

Parasitology, 21, 288-321.
— (1959). Insect physiology. Methuen, London.
zeller, e. a. (1948). Enzymes of snake venoms and their biological

significance. Advanc. Enzymol., 8, 459-496.



INDEX

Acetamide, 188

Acetazoleamide, 147, 154
Acetylcholine, content of gland, 43,

106; in octopus, 269
effect on amylase secretion, 58
on blood vessels, 40, 78-9, 126,

133
on metabolism, 58, 79, 230,

232
on phosphorus turnover, 58,

232
electrogram, 46, 78
in paroxysmal secretion, 117
leakage, 61, 63-4, 80, 108, no
release by nerve impulses, 43-4,

46, 129
by potassium, 85
from degenerating nerves, 63,

116-17
secretory effect, 40-1, 46-7,

77-8
in man, 76, 79

supersensitivity, 58, 64, 108-9
Acini, electrical responses, 199

embryology, 31
histology, 10, 20
in immature dogs. 218-19
innervation, 42
protein secretion, 183, 233
role in secretion, 9, 141, 195,

217, 223-4, 226
Adrenal corticoids, effect on sali-

vary chloride, 154
on potassium, 151, 220
on saliva of sheep, 163
on sodium, 152, 220

Adrenaline, content of gland, 106

in toads, 270
effect on amylase secretion, 58
on blood vessels, 84, 109, 135
on glucose in saliva, 83, 187,

253
on metabolism, 58, 135, 230
on myoepithelial cells, 49, 85
on phosphorus turnover, 58,

232

on sodium and chloride in
saliva, 147, 154, 219

electrogram, 60, 83
in antilytic secretion, 115
in paralytic secretion, 1 12-14
release, 60, 85-6, 113, 115, 237,

243
secretory effect, 58, 83

in man, 61, 83
supersensitivity, 58, 63, 106-9,

112-13
Afferent nerves, of the gland, 66

of the salivary reflex, 241
effect of section, 109, 113

Alcohol excretion, 262
Amine oxidase, activity in glands,

60-1

after denervation, 105, in
function, 262

Amino-acids in saliva, 174, 185,

215, 219
after arterial injection, 215

Amino glutamate, 185
peptidase, 30

Amphetamine, 83
Amylase, in gland, 32, 106, 269

of cockroaches, 268
in saliva, 171-2, 178-9, 254-6
synthesis, 233

Antibacterial action of saliva, 179,

257
.

Antibiotics, excretion, 189, 262
Anticholinesterases, secretory ef-

fect, 42, 44, 62, 80, in, 140

after denervation, 62, 108

Antihistamines, 82

Antilytic secretion, 115

Apomorphine, 75
Aptyalism, 251
Arginase, 32
Arteries of glands, 15

Arteriovenous anastomoses, 17, 19,

122

Ascorbic acid in saliva, 187

Atrophy of glands, 31-2, 103-7,

232
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Atropine, effect on paroxysmal
secretion, 117

phosphorus turnover, 232
secretion caused by acetyl-

choline and parasympa-
thetic nerves, 51, 59, 66,

72, 79, 81, 125, 129, 134,

229
by anticholinesterases, 62,

80
by barium, 72, 85
by histamine, 72, 86
by mercury, 86
by nitrogen mustards, 72,

86
vasodilatation, 51, 73, 123,

128-9, 133-4, 230
ganglion blocking action, 81

secretory effect, 74, 76
sympathetic blocking action, 81

tolerance, 81

treatment, effect on enzymes, 1 1

1

on histological picture, 104-5
on sensitivity to drugs, 63,

109, 113
Augmented secretion, 49, 51-2, 54,

59,78

Banthine, 76, 82
Barbiturates, 82
Barium, 72, 85
Bicarbonate, in saliva, 144-6, 212,

221
of puppies, 147, 218

after arterial injection, 215
parotid, of sheep, 162

effect of acetazoleamide, 147
of hyperventilation, 146, 219
of metabolism, 148
on chloride in saliva, 154, 218-

219
Bicarnesine, 79
Blood flow, determination by iodide

clearance, 122, 224
effect of acetylcholine, 40, 78-9,

126, 129
of adrenaline, 84, 109, 135
of bleeding, 55
of bradykinin, 79, 180
of chlorpromazine, 123, 135
of chorda stimulation 122-3,

125, 127-9

of priscol, 123, 135
of sympathetic stimulation,

122-3
on secretion, 39, 41, 61, 121,

123-4
Blood, supply of glands, 15, 121,

224-5
group substances, 174, 176-7,

196, 261
Botulinum toxin, 131
Bradykinin, 79, 106, 132-3, 136,

180, 270
Bretylium, 66, 85
Bromide in saliva, 154, 214-15

effect on secretion, 203
Bulbocapnine, 74
Butyramide, 188

Calcium in saliva, 145, 161

Carbachol, secretory effect, 81, 109
on phosphorus turnover, 232

Carbon dioxide in saliva, 144
Caries, 154, 251-2
Chloride, in gland, 205

in saliva, 145, 153, 155, 203, 212,

221
after arterial injection, 215

adrenaline, 147, 154, 219
of puppies, 218
of sheep, 162

effect of adrenal corticoids, 1 54
on amylase, 178, 256, 268

Chloroform, 74
Chlorpromazine, on phosphorus

turnover, 232
sympatholytic effect, 53, 67, 123,

135
Cholinesterase, in glands, 29, 43, 47

after denervation, 105, 111-12

in duct cells, 29, 38
in saliva, 48
inhibitors, 42, 44, 80, 108, 140

Chorda tympani syndrome, 46
Cisternae, 23-4, 26
Coagulation of blood, effect of

saliva, 108, 261, 268-70
Cocaine, effect on secretion, 60, 75,

84
paralytic, 113
paroxysmal, 1 17

Coramin, 75
Corbasil, 112



Creatine phosphate, 188, 231
Creatinine, 219, 221

Crotonic betaine, 79
Curarine, 76, 78
Cyanide, effect on chloride in

saliva, 154
on lactate formation, 231
on potassium in saliva, 151

on protein synthesis, 233
on spontaneous secretion, 97,

101

Cyclopropane, 74

Decamethonium, 76
Dehydrogenases, 30
Denervation, effect on activity of

amine oxidase, 105, in
of cholinesterase, 44, 105, 111-

112

of respiratory enzymes, 106

content of acetylcholine, 43, 106

of adrenaline, 106

contralateral gland, 104
function, 64-5, 103, 112

metabolism, 231
sensitivity to acetylcholine, 58,

109
to adrenaline, 58, 63, 106-7,

112-13
to anticholinesterases, 62, 108

to tyramine, 108

structure, 103-5
Dibenamine, 84, 232
Dibutoline, 82

Diencephalic autonomic epilepsy.

242
Digitalis, 75
Dihydroergotamine, 73, 84. 114

Dinitrophenol, effect on oxygen
consumption, 232

on protein synthesis, 233
secretory effect, 75

Duct cells, blood supply, 15-16,

19, 122, 195, 211, 224-6
content of enzymes, 29-30
effect of adrenal corticoids, 220

of adrenaline, 219
electrical responses, 201, 206,

211

embryology, 16

innervation, 25, 38
morphology, 9, 218
protein secretion, 183, 233-4
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reabsorption of water, 143-4,220
role in secretion, 9, 31, 143, 195,

211, 217, 219, 226
transfer of bromide and chloride,

215
of iodide, 157-8, 216
of potassium, 211-12, 215
of urea, 216, 222-3

Electrical responses, to acetylcho-

line, 46, 78
to adrenaline, 60, 83
to chorda stimulation, 41, 46, 59,

197, 199-201
to sympathetic stimulation, 53,

59-60, 198-201
as evidence of double inner-

vation, 56, 58, 206
Embryology, 30
Endoplasmic reticulum, 23, 25-7,

3i,. 233
Ephedrine, 83
Ergotamine, 59, 84, 232, 237
Ergotoxin, 135
Eserine, effect on secretion, 40, 62,

126, 140
caused by barium, 85
by potassium, 85

paroxysmal, 1 17
Esterases in gland, 29-30

in saliva, 256
Ether, 74
Excretion in saliva of alcohol, 262

antibiotics, 189, 262
bromide, 154, 214
glucose, 83, 186, 253
iodide, 155, 181, 196, 212, 221,

262
lead, 262
lithium, 152
mercury, 73, 85, 262
perchlorate, 160

saccharine, 253
sulphonamides, 188

thiocyanate, 160, 257
Expulsion of saliva, by adrenaline,

49, 85
by histamine, 49
by oxytocin, 49
by sympathetic stimulation, 48-9

Fibrinolytic activity of saliva, 180,

261
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Fluoride, on secretion, 154-5
on metabolism, 231

Fucomucins, 173, 176
Functions of saliva, 99, 251, 267

Glucogen, content of glands, 29,

231
effect of amylase, 179

Glucose, in saliva, 83, 186-7, 253
utilization, 128, 231-2

Glycerol, 188, 221

Glycine, 185
Golgi, apparatus, 25, 32, 268
Granules, 11, 14, 23-7, 29, 31, 196,

267

Hexamethonium, 47, 73, 76
Hirudin, 269
Histamine, in glands of octopus,

269
motor effect, 49, 85-6
secretory effect, 72, 76, 86

Histidine, in saliva, 185
Hyaluronidase, in glands of snakes,

270
in saliva, 256

Hydroxyproline in saliva, 185
Hydroxytryptamine, in glands of

octopus, 269
secretory effect, 76

Indolalkylamines, 270
Inhibition of secretion, by acetyl-

choline, 40, 78, 124, 126
adrenaline, 84
anaesthetics, 73, 77
ganglion blocking drugs, 77
parasympatholytic drugs, 81

sympathetic stimulation, 41, 124,

242
sympatholytic drugs, 84

Iodacetate, effect on chloride, 154
on lactate, 231
on potassium, 151
on protein synthesis, 233

Iodide, clearance, 155-6, 224-5
effect on secretion of chloride,

154
of nitrate, 160
of perchlorate, 160
of thiocyanate, 160

on secretion and electrical

responses, 204
excretion in saliva, 155-60, 181,

196, 212, 221, 262
after arterial injection, 215-16

incorporation in protein, 160, 181

transient, 157, 212-13
Iodotyrosines, 181

Isoleucine in saliva, 185, 215
Isoprenaline, 83

Kallidin, see Bradykinin
Kallikrein, 87, 106, 131, 133-4,

180, 261

Lactate formation, 231-2
Lipase in saliva, 256
Lithium, 153
Lymphatics of glands, 19
Lysozyme, 172, 179, 258

Magnesium in saliva, 145, 161

Malonamide, 188

Mannitol, 188, 221

Mercury, 72-3, 85, 262
Metabolism of glands, 229

effect of acetylcholine, 58, 79,

230, 232
of adrenaline, 58 135, 230
of chorda stimulation, 104,

128, 130, 133-4, 230
of cyanide and iodacetate, 231
of denervation, 106

of dinitrophenol, 232
of noradrenaline, 232
of pilocarpine, 229
of sympathetic stimulation,

230-1
Methacholine, 79, 108

Methionine, 215
Methylscopolamine, 82

Metrazol, 244
Mitochondria. 23-7, 31-2, 196

in silk glands, 268
Morphine, excretion in saliva, 262

effect in antilytic secretion, 115

in paralytic secretion, 1 13-15
secretory effect, 75

Motor nerves, 39-41, 48-50, 54, 84
Mucoproteins, 169-75, J 79
Murexin, 269
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Muscarine, 79-80
Myoepithelial cells, 11, 25, 29, 39-

40, 49-50

Neuraminic acid, 175
Nicotine, 73, 77

after denervation, 108
Nitrate, 159, 203-4
Nitrite, 125
Nitrogen mustards, 72, 86-7
Noradrenaline, content of gland,

106

in toads, 270
metabolic effect, 232
release, 60
secretory effect, 60, 83, 108

Nucleus salivatorius, 239

Olfactory-parotid reflex, 74
Osmolyte concentration of saliva,

142, 221
effect of adrenaline, 219
in immature dogs, 218-19
in parotid saliva of sheep, 162

Oxygen consumption of glands, see

Metabolism
Oxytocin, 49

Palatine glands, 41, 96, 99, 153
Panting and secretion, 75-6, 259-

260
Paralytic secretion, 40, 94, 103,

112-15
Paredrinol, 83
Parkinsonism, 242
Parotid gland, arteries, 15

blood supply, 23
control, 239
embryology, 30
innervation, 9, 41, 43, 48, 50,

60-1, 65
maximum rate of secretion, 140,

182

of man, 98, 155, 178, 180

of sheep, 49-50, 73, 95, 97-8,

124, 162
of toad, 270
paroxysmal secretion, 1 16-17

saliva, amylase, 178
bicarbonate, 145
blood group substances, 177
calcium, 161

chloride, 153

iodide, 155-6
kallikrein, 180

lysozyme, 179
osmolyte concentration, 142
pH, 144
potassium, 149
protein, 169, 171, 182
sodium, 152

Parotin, 262
Paroxysmal secretion, 63, 100, 103,

112, 116-17
PAS-Schiff reaction, 29
Perchlorate, effect on chloride, 154

on iodide, 159
excretion, 160

pH of saliva, 144
Phloridzin on glucose in saliva, 187

Phosphatases, in gland, 29, 32, 106

in saliva, 185, 256
Phosphate in saliva, 145, 161

Phosphoethanolamine, 162, 185

Phospholipid turnover, 162, 232
Picrotoxin, 74, 244
Pilocarpine, secretory effect, 76,

80-1, 97
in man, 75, 79, 82

supersensitivity, 108, 112

treatment of denervated glands,

effect on activity of enzymes,

105, 1 1

1

on atrophy, 104
on histological picture, 105,

1 1

1

on paralytic secretion, 113

on supersensitivity, 100, 109,

in
Pinocytosis, 28
Pituitrin, 75
Potassium, content of saliva, 145,

147-8, 206

after adrenaline, 147, 219

adrenal corticoids, 151, 163,

220-1

arterial injection, 211, 215-

216
in saliva of sheep, 163

of puppies, 151

in salivary glands, 205, 208

effect on maximum rate of secre-

tion, 140
secretory effect, 72, 85

transient, 150-1, 163, 206-12,

217



278 Index

Priscol, 54, 58, 61, 85, 123, 136
Privine, 86

Proline in saliva, 185
Propionamide, 188

Protease, 32, 106

Protein, in saliva, 169, 18 1-2

dependence of secretory rate,

182-3, 221

synthesis, 182, 185, 233-4
Pyridin, 75

Quinidine, 75

Regitine, 73
Resting potential of gland cells,

199-206
secretion, 98, 142

Ribonucleic acid, 23-5, 234

Scopolamine, 82
Sialic acid, 174-5, *77
Sialomucins, 173, 176, 179
Silk glands, 267
Snake venom, 270
Sodium, content of saliva, 145, 152,

212, 253
after adrenal corticoids, 152,

163, 220
adrenaline, 147, 219
arterial injection 214-17

content of glands, 205, 208
transient, 212

Spontaneous secretion, 38, 49, 52,

94, 96, 103-4, 112, 257, 261
effect of cyanide, 97, 101

of vasoconstriction, 124
on sensitivity to drugs, 100,

function, 99
mechanism, 99

Stilboestrol, 31
Striated ducts, 10, 22-3, 196
Sublingual gland, arteries, 15

electrogram, 58, 199
embryology, 30
innervation, 41, 195
isolated preparation, 96
maximum rate of secretion, 140
paralytic secretion, 113
saliva, bicarbonate, 145-6

chloride, 153
iodide, 156

osmolyte concentration, 142
pH, 144
potassium, 150
sodium, 152

spontaneous secretion, 95
Submaxillary gland, antilytic secre-

tion, 115
arteries, 15

control, 131, 239
electrogram, 41, 199
embryology, 30-1
glucose utilization, 128, 231
innervation, 42, 48, 50, 61, 64
maximum rate of secretion, 42,

55-6, 83, 106, 140
oxygen consumption, 134, 229
paralytic secretion, 1 12-13
saliva, amylase, 178

bicarbonate, 145-7
blood group substances, 176
calcium, 161

chloride, 153, 155
iodide, 156, 159
kallikrein, 180

lysozyme, 179
magnesium, 161

osmolyte concentration, 142
pH, 144
potassium, 149-50
protein, 169-71, 184

spontaneous secretion, 96
supersensitivity, 107

Sucrose, 219
Sulphate, 215
Sulphonamides, 188
Supersensitivity, caused by dener-

vation, 47, 54, 58-9, 62,

106-9, 112

by ganglion blocking drugs,

109-10
by parasympatholytic drugs,

63-4, 81, 109
in human glands, 65
of salivary ganglion, 108

Sympathectomy, effect on activity

of amine oxidase, 60, 105

of cholinesterase
;
112

on content of adrenaline, 106

on sensitivity to drugs, 54, 59,

64, 84, 100-13
on structure, 104

pain during meals, 66
Synephrin, 83
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Taurine in saliva, 185
Testosterone on gland, 31-2
Tetrahydronaphthylamine, 75, 260
Tetramethylammonium, 72, 77, 79
Thermoregulation, 75, 99, 260
Thiocyanate, effect on secretion of

chloride, 154
of iodide, 159
and electrical responses, 204

excretion, 160, 257
Thirst, 259
Throttle veins, 18

Thyroid hormones on gland, 31-2
Tyramine, in gland of octopus, 269

secretory effect, 84, 108
Tyrosine in saliva, 185, 215

Ultrastructure of glands, 20

Urea in saliva, 144, 188, 219, 221
after arterial injection, 215-16,

222

Valine, 215
Vasoconstrictor nerves, 39-40, 53,

60, 1 2 1-2

activation by bleeding, 55
effect on secretion, 39, 41, 61,

121, 123-4, 137
parasympathetic, 40, 125
tone, 54, 66, 127

Vasodilator nerves, 39-40, 66, 121,

127-30, 135
Veratrum, 75
Vitamins, 187, 189

Xerostomia, 72, 77, 251
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