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THE DEVELOPMENT OF THE CEREBRO-SPINAL SPACES IN PIG AND IN MAN.

BY LEWIS H. WEED.

I. INTRODUCTORY.

Probably no field in embryology has been less explored than that relating to

the meninges. Our knowledge of the transformation of the perimedullary mesen-

chyme into the three fully developed membranes about the cerebro-spinal axis has

been largely of a crude sort, with gross generalities based on inexact or incomplete
evidence. The present work was undertaken in the hope that by a study of the

various stages in the development of the cerebro-spinal spaces there might be

gained some knowledge which would afford a basis for a conception of this dynamic

metamorphosis.

Many of the problems centering around the development of the meningeal

spaces have recentlybeen expounded by GushingW .

* Not only dowelack knowledge
as to the method of differentiation of the primitive mesenchyme, but we know little

about the establishment of the circulation of the cerebro-spinal fluid. When do the

chorioid plexuses begin to secrete? When does the venous absorption of the fluid

take place? When does the perivascular system begin to remove waste products

from the cerebral tissue? And also, what factors play a part in the formation of

the subarachnoid and subdural spaces?

These questions, some of which it is hoped the present study will answer, relate

to the field of physiological anatomy. Consideration of the subject, however, serves

to convince one that they must be investigated coincidently with the stages of

morphological differentiation
;
for it may readily be conceived that the physiological

use of the meningeal spaces may precede any morphological differentiation of the

three membranes, nor indeed is it unlikely that one of the active causative factors

in the metamorphosis concerns this filling of the mesenchyme about the nervous

system with fluid.

This study, therefore, has been anatomical, but with a broader scope than

purely morphological studies would have afforded. Not only has it dealt with the

morphological differentiations about the nervous system, but throughout the inves-

tigation the relationship of these structures to the possible presence of cerebro-

spinal fluid has been considered. As the problem developed it was projected more

and more into the difficult realm of "tissue spaces." Interest in these spaces

largely concerned their physiology, but many points of correspondence between

structure and function were found.

In some measure this work is a development of an earlier study of some of the

anatomical and physiological problems of the cerebro-spinal fluid, carried out in the

laboratory of Dr. Harvey Gushing at the Harvard Medical School.

*The figures in parentheses refer to the bibliography at the end of this paper.
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II. REVIEW OF LITERATURE.

In order fully to understand the problems which confront one in the study of

the embryonic cerebro-spinal spaces, a comprehension of the stage to which investi-

gations have brought our knowledge of these fluid-pathways in the adult is neces-

sary. It is with this purpose that the adult relationships are here considered. The
inclusion of this material may be pardoned, for it will be seen that unanimity of

opinion has by no means existed in regard to any of the problems concerned in the

circulation of the cerebro-spinal fluid.

Modern anatomical knowledge of the meninges dates from the work of Axel

Key and Gustav Retzius'29 '. These Swedish investigators, in their excellent mono-

graph published in 1875, first conclusively demonstrated the anatomical continuity
of the spinal and cerebral subarachnoid spaces. But for years after their publica-

tion appeared, a physiological continuity between the subdural and subarachnoid

spaces was argued for by many observers, notably by HilU24 '. Gradually, however,
workers in this field have reached the opinion that the subarachnoid spaces (the

interrupted but continuous channels between arachnoidea and pia) are functionally

the channels for the cerebro-spinal fluid. Between the intra-leptomeningeal and the

subdural spaces no anatomical connection exists; physiologically there may be

some mode of fluid-passage. Thus Hill 124 ) states that either by filtration or through
actual foramina fluid passes readily from one space to the other. Quincke (46)

,
from

observations on animals, somewhat similarly premised a connection between the

two spaces, but only in the direction from subdural to subarachnoid. His experi-

ments, based on the results of the injection of cinnabar granules, are open to criti-

cism as indicating a normal passage-way for the fluid; for, as he has recorded, an

intense phagocytosis of practically all of his granules occurred. More modern con-

ceptions of the subdural space treat it as a space anatomically closed, lined externally

by a polygonal mesothelium. Less error is Introduced if it be regarded as analogous
in many respects to well-known serous cavities rather than as an essential portion

of the pathway for the cerebro-spinal fluid.

The question of the absorption or escape of cerebro-spinal fluid from the sub-

arachnoid space has claimed the attention of many workers. Since the original

conception that the meningeal coverings were actually serous cavities, anatomical

investigations have furnished many new views. Key and Retzius, by spinal sub-

arachnoid injection of gelatine masses colored with Berlin blue, demonstrated an

apparent passage of the injection fluid into the great cerebral venous sinuses through
the Pacchionian granulations (die Arachnoidzotten). Their observations were

made on a cadaver and the injections carried out under fairly low pressures (about

60 mm. of mercury). A lesser drainage of the fluid into the lymphatics was also

shown.

Since the view advanced by Key and Retzius of the absorption of cerebro-

spinal fluid, the general trend has been away from the idea of an absorption into the

venous sinuses. QuinckeV46 ) observations, made on lower animals after the sub-

arachnoid introduction of cinnabar granules, really offer some substantiation of
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this theory, but the failure to find the great Pacchionian granulations in infants and

in the lower animals caused many workers to reject utterly the conception of the

Pacchionian granulations as the functionally active mechanism for the fluid escape.

Physiological evidence, however, advanced by HilK24 ) from intraspinous injec-

tion of methylene blue, indicated that the major escape of the cerebro-spinal fluid

was into the venous sinuses of the dura, while a slow and minor absorption took

place along the lymphatic channels. ZiegleH
57

), with potassium ferrocyanide intro-

duced into the cerebro-spinal space, likewise found that the venous absorption was

much greater and more rapid than the lymphatic. Reiner and Schnitzlert48 ) with

the same agent detected the ferrocyanide in the jugular blood-stream after injection.

With olive oil these investigators found a similar venous absorption, but with a

slowing of the venous blood-stream. Lewandowsky<33)
, also using ferrocyanide, found

this salt in the urine within 30 minutes after its subarachnoid injection. Spina'
521

,

from observations on freshly killed and living animals, presented somewhat similar

evidence of a major venous and lesser lymphatic absorption. Gushing^ suggested

a valve-like mechanism of escape of the fluid, his hypothesis being based on the

findings after the introduction of mercury into the meningeal spaces.

Several theories concerning the absorption of cerebro-spinal fluid into the blood-

vascular system have more recently been offered. Mott'41
),
from a study of dilated

perivascular and perineuronal spaces, has advanced the idea of fluid-escape by way
of the perivascular system into the cerebral capillaries. Dandy and Blackfan^10

),

from an analysis of their evidence, consider that the chief drainage of the fluid is

into the capillaries of the pia-arachnoid. Opposed to this conception of a major

drainage of cerebro-spinal fluid into the blood-vascular system is the view cham-

pioned by CathelinW, that the lymphatic drainage is the chief method of fluid-escape.

Cathelin's contention of a veritable circulation of the fluid has not received support

from other workers.

Thus it will be seen that since the work of Key and Retzius the trend of opinion

has been away from the view that the Pacchionian granulations cany the cerebro-

spinal fluid into the venous sinuses.

In the earlier investigation'
55 ' carried out in the Harvard Medical School the

problems of this fluid absorption were attacked in a somewhat different manner

than by previous workers. True solutions of potassium ferrocyanide and iron-

ammonium citrate, such as have been used in the present investigation, were

injected into the spinal subarachnoid space under pressures but slightly above the

normal. The animals (dogs, cats, and monkeys) were kept under anesthesia during

the period of injection, which was usually continued for several hours. Complete

filling of the subarachnoid channels was secured by this technique, provided the

injections were continued for a sufficient length of tune. At the conclusion of the

experiment the foreign solution was precipitated in situ and blocks were carried

through for histological purposes.

Many of the anatomical findings in this work carried out as outlined are of

interest in the present problem. The complete correspondence of the spinal and
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cerebral subarachnoid spaces as demonstrated by Key and Retzius was amply veri-

fied. The normal return of the cerebro-spinal fluid to the general circulation by

way of the arachnoidal villi into the great dural sinuses was demonstrated. These

villi are projections of the arachnoidea through the dural wall, prolonged directly

beneath the vascular endothelium of the venous sinuses. Furthermore, columns of

arachnoid cells were found, normally affording fluid channels in the dura. In

addition to the major escape of cerebro-spinal fluid into the sinuses a lesser drainage

was also demonstrated, slower than the primary drainage, out along certain of the

emergent nerves into the lymphatic system. No evidence whatsoever was obtained

in support of any of the theories of a drainage of cerebro-spinal fluid into either the

leptomeningeal or cerebral capillaries, nor could an anatomical valve-like mechanism

along the great sagittal sinus be demonstrated. The process of escape of cerebro-

spinal fluid from the arachnoid villus unto the great sinus appeared to be a simple

one of filtration or of diffusion.

Another of the problems concerning cerebro-spinal fluid, which has been of

interest to anatomists and physiologists, is the source of the fluid. Hailed21 ) and

Magendie (35)
,
to whom the greatest credit for work on this subject must be given,

believed it to be the product of the leptomeninges. Faivre' 15 ) in 1853 and Luschka^34 ^

in 1855 were the first to suggest the chorioid plexuses as the elaborators of this

circumambient medium. Since then the view has been generally accepted that these

villous structures do give origin to the fluid, but the early evidence was based wholly

on the glandular character of the plexus. Cappelletti(5) and Pettit and Girard<43 '

offered more definite proof of this relationship by the introduction of pharmaco-

logical agents which affected the rate of production of the fluid. These latter authors

recorded definite histological changes in the cells of the plexus when influenced by
these drugs, indicating, in conjunction with the changed rate of production of the

fluid, an undoubted relationship of the chorioid plexus to the fluid elaboration.

Since these early investigations many observers Findlay( 17)
,
Meek(37

>, Mott (41
),

Pellizzi' 42), Hworostuchin*261
,
and others have studied the histology of the chorioid

plexus with reference to its function as an elaborator of the cerebro-spinal fluid.

In addition to the elaboration of the fluid by the chorioid plexuses, increments

are furnished by the nervous tissue itself. This elimination from the nervous

system occurs by way of the perivascular spaces. In the previous work referred

to (55 ) it was found possible to inject the entire perivascular system by continuing a

physiological injection of the spinal subarachnoid space, and subsequently causing

an extreme cerebral anemia. By this procedure an injection of the system to its

termination about the cerebral capillaries and nerve-cells could be secured. From
this and other evidence the view was advanced that the cerebro-spinal fluid was

derived from a dual source in part from the perivascular system and in greater

part from the chorioid plexuses. This view had already been advanced, but on

rather insufficient grounds, by Mestrezatf38 ) and by Plaut, Rehm, and Schottmuller t44).

Recently FrazieH18) has signified his acceptance of this conception of the source of

the fluid.
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Such, then, is the basis for our present understanding of the meninges, in regard

to their characteristic morphology and particularly their functional relationship to

the cerebro-spinal fluid. Without a consideration of the circumambient fluid morpho-

logical studies of these membranes would be incomplete, for in order to understand

the meninges knowledge concerning the cerebro-spinal fluid is necessary.

THE COMPARATIVE ANATOMY OF THE MENINGES.

Sterzi153 ) has published a comprehensive report of the comparative anatomy of

the spinal meninges. From his studies he has advanced hypotheses, supported by
observations on a limited number of fetuses, regarding the development of the human

meninges. On account of the interest of this subject in relation to the present dis-

cussion a brief summary of Sterzi's work will be here included.

In the acrania there is no special envelope of the central nervous system, but

rather a fibrous sheath corresponding to the meninges of higher forms. This

fibrous sheath is largely made up of circular fibers, except in the median ventral line,

where there occurs a ventral ligament of longitudinal fibers. In cyclostomes, how-

ever, there is found a single "primitive meninx "
vascular and composed of white

and elastic fibrils coursing in a longitudinal direction. Some of these fibrils traverse

the perimeningeal spaces (filled with star-like cells, with some fatty tissue) and are

attached to the inner surface of the vertebrae. This same general plan of a single

"primitive meninx" is likewise found in fishes (elasmobranchs, teleosts, etc.); the

membrane here is often pigmented and follows closely the external architecture of

the spinal cord. The perimeningeal space is filled by mucus in elasmobranchs, but

in teleosts this is replaced by fat. For the most part there are found dorsal and

ventral ligaments and two lateral ligaments.

The next stage in the development of a more complete form of spinal covering
is found in the urodele amphibia. A "primitive meninx," formed of two layers,

often artificially separated from each other, replaces the simpler meninx of cyclo-

stomes and fishes. Of the two layers in this membrane the external is thin and

free from pigment; the inner, strongly pigmented, adheres to the spinal cord. The
meninx is perforated by the denticulate ligaments.

In amphibia (Anura) Sterzi found the first evidence of a "secondary meninx,"

corresponding to the pia-arachnoid. Surrounding this membrane, but separated
from it, is the dura, thin and transparent; between the two meninges is the intra-

dural (subdural) space. The dura lies in the peridural space. The spinal pro-

longations of the endolymphatic canals he in the dorsal part of the peridural space.

Both the dura and the "secondary meninx" continue outward along the roots of

the spinal nerves and along the filum terminate. Embryologically the perimedul-

lary mesenchyme is differentiated into these two meninges in the Anura.

This arrangement of the two meninges in Anura is followed out in reptiles.

The dura, thin as in the amphibia, is covered by endothelium and is vascular. The

"secondary meninx" possesses laterally the denticulated ligaments and ventrally

the ventral ligament. Both the peridural and mtradural spaces are very small.
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Likewise in birds Sterzi was able to differentiate only two meninges the dura

and the "secondary meninx." These membranes are quite similar to those of

reptiles. The "secondary meninx" has acquired three layers an outer endothelial

covering, a middle vascular layer, and an inner membrane closely adhering to the

cord. This is a distinct approach to the three meninges of mammals. An intra-

dural (subdural) space covered by endothelium can be easily made out. The

development of these avian meninges concerns a differentiation of the perimedullary

mesenchyme.
The arachnoid, according to Sterzi, first appears as a definite membrane in

mammals (marsupials and placentals). In marsupials this arachnoid has become

well differentiated and the pia mater possesses denticulated and ventral ligaments.

A transformation of the extradural portion of the denticulated ligaments unites the

dura to the endorachis. In perissodactyla the differentiation of the three meninges

(particularly of the arachnoid) is incomplete. The arachnoid is separated from the

pia mater by a peculiar tissue which contains numerous lymphatic lakes, forming

the intra-arachnoid spaces. No intradural (subdural) space is apparent, due to

the approximation of dura and arachnoid. The subdural space is clothed by endo-

thelial cells; these can not be made out in the intra-arachnoid spaces. The dura

is surrounded by a fatty pad.

According to Sterzi the augmentation of the intra-arachnoid (subarachnoid)

space is the distinguishing characteristic of the meninges of carnivora. This

increase takes place at the expense of the peridural space.

As Sterzi developed the knowledge of the comparative anatomy of the lower

forms of the transition from the primitive meninx of the cyclostomes to the three

membranes of mammals the possible correlation of this analogy to the embryo-

logical development in mammals became apparent. He extended his observations

to human beings and to human fetuses. His findings will be detailed in the follow-

ing section.

Farrar(16\ in a short discussion of the development of the meninges of the chick,

finds in early stages three laminae about the spinal cord, "the middle one of which

alone still presents the primitive features of the mesoblastic-sheath." The inner

layer, close to the medullary tissue, is highly vascular; in the outer zone "the con-

nective-tissue elements are assuming elongated forms and crowding together with

long axes parallel, giving a very close mesh with long but extremely narrow spaces,

in contradistinction to the loose irregular reticulum of the pia-arachnoid." The

outer lamina becomes dura mater, while the inner two zones are considered together

as the embryonic pia-arachnoid. Farrar defines the pia-arachnoid as develop-

mentally a single membrane consisting of a loose reticulum, at the outer and inner

borders of which limiting membranes are formed.
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LITERATURE ON THE DEVELOPMENT OF THE MAMMALIAN MENINGEAL SPACES.

The development of the meningeal spaces in mammals has not been studied

extensively, and the literature in regard to it is quite meager. Only a very few

workers have touched upon the subject except casually. Reford' 47
), working in the

Anatomical Laboratory of the Johns Hopkins University, studied the development
of these spaces by the method of injection with india ink. His work unfortunately

has never been published, but it has been rather extensively referred to by Sabin'491

in 1912 and by Gushing'
9 ^ in 1914. Their summaries of this work are here included.

Miss Sabin thus speaks of it :

"In a study of the arachnoid made by the injection method in the Anatomical Labora-

tory of the Johns Hopkins University by L. L. Reford, and as yet unpublished, it has been

shown that the thinning out of the mesenchyme around the central nervous system is not

haphazard, but that injections of the same stage give the same pattern, and that the form
of the arachnoid space changes as the brain develops. That is to say, the arachnoid space
has as definite a form as the ccelom, and it never connects with the lymphatics."

Gushing^ gives the following summary:
"It was thought that an investigation of the cerebro-spinal spaces in the embryo

would most likely shed light on the subject, and some unpublished studies in this direction

were undertaken in 1904 and 1905 by Lewis L. Reford in Mall's laboratory in Baltimore.

In living pig embryos of various stages low spinal india-ink injections were made either into

the wide central canal or into the subarachnoid space, and the embryos were subsequently
cleared. It appeared from the course taken by the injection mass that the full develop-
ment of the spinal arachnoid preceded that of the intracranial spaces, the impression being

gained that the separation of the primitive meninx into its layers occurred later over the

cerebral vertex than in the basilar portion of the chamber. Still, I never felt quite con-

vinced that the failure of injection of the meninges over the surface of the hemispheres in

many of Reford's specimens was not due to the floating up of the brain against its envelopes

by the introduction of the injection mass from below. However this may be, it was never-

theless apparent that a venous injection of the body of the embryo was often produced, and
the impression was gained that a communication existed between the basal subarachnoid

spaces and the precursors of the sinusoidal veins of the cranial chamber which empty into

the jugulars. If due to an artifact from a vascular rupture, at all events the communication

always occurred at the same point. Reford, moreover, in agreement with Cruveilhier,

Reichert, and Kolliker, came to doubt the existence of the foraminal opening described by
Magendie, believing that the opening was an artifact and that the fluid escaped by seepage

through a persistent membrane."

It is regrettable that Reford's study has not been published, as it represents

the only attempt to solve the problems of the development of the cerebro-spinal

space by the method of injection. As stated in subsequent sections of this com-

munication, his apparent failure to control pressures of injection and to use only

granular suspensions is unfortunate.

In a study of the development of the blood-vessels of the human brain, MaLU36 ^

noted the ease with which an extravasation into the embryonic arachnoid spaces

could be brought about by increasing the pressure in a venous injection. In a

specimen of 46 mm. an arterial injection with aqueous prussian-blue resulted in a

complete subarachnoid spread, due to rupture of the vessels as they perforated the
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nervous tissue. In general, it was found that this rule held : an arterial extravasa-

tion always took place from the perforating capillaries, while a similar venous rup-
ture occurred in the veins themselves.

Mall made similar observations on living pig embryos from 30 to 80 mm. in

length, with analogous results. But when, in these embryos, the arachnoid spaces

were completely filled by an intraventricular injection of india ink, no passage of

the granular injection into the veins or sinuses occurred. The ventricular injection

flowed into the extraventricular spaces "through the medial opening of the fourth

ventricle." From the spinal cord the ink extended for a short distance along the

main trunks of the spinal nerves. In the larger embryos (above 50 mm.) the ink

usually gushed from the mouth, reaching it by way of the Eustachian tube. Using,
in the pig embryo, the heart as the mechanism for injecting the ink, extravasation

from the cerebral vessels in the arachnoid spaces occurred.

In one human specimen of 90 mm., Mall found both the arachnoid spaces and

the cerebral ventricles filled with india ink after an arterial injection of that sus-

pension. He states: "The injection passes through the medial opening into the

fourth ventricle (Magendie), and apparently the ventricles are injected through this

opening from the arachnoid."

To His (25 ) and to Kolliker(31 > belongs the credit of first having established on a

firm basis the development of all the meninges in man from mesenchyme. This

perimedullary layer of mesenchyme Salvi(50) called the "primitive meninx" a term

now used extensively in comparative anatomy. The primitive meninx divides into

two layers, the outer forming the dura and the inner the pia-arachnoid. Sterzi^531
,

working on the development of the human spinal meninges, advanced a view similar

to that of Kolliker. The perimedullary mesenchyme (the "primitive meninx")
divides into two portions, one hugging the inner surfaces of the vertebrae and the

other adhering to the cord. This inner layer of the perimedullary mesenchyme,

according to Sterzi, should properly be termed the "primitive meninx," as it divides

subsequently into dura and the "secondary meninx," which in turn forms both

arachnoid and pia. The denticulate ligaments develop in the "primitive meninx."

The dura and arachnoid in human embryos are modeled up to a certain point on the

cord; then, with the augmentation of the subarachnoid space, they follow the outline

of the vertebral canal.

His(25) has given information regarding the development of the meninges, with

particular reference to the formation of the subarachnoid space. He affirms the

mesenchymal origin of all of the cerebro-spinal membranes. His describes the first

differentiation of mesenchyme to form the meninges as consisting of two zones of

condensation, the outer being closely associated with the developing perichondrium

of the vertebral column and the inner facing upon the cord. Between these two

zones of condensation the subarachnoid space develops, posterior and anterior

spaces first appearing, with later fusion laterally. These appearances were met

with in chicks of 10 to 12 days' incubation. Quite soon after this process of space-

development a separation occurs which gives rise to a complete subarachnoid space.

Later the splitting-off of dura from the vertebral periosteum takes place.



METHODS OF INVESTIGATION. 15

III. METHODS OF INVESTIGATION.

In the study of any problem dealing with the development of fluid-spaces within

the body, the method of investigation must of necessity be such as to offer excep-

tional opportunities for control. In the present work several well-known and

generally accepted anatomical procedures were naturally suggested, such as injec-

tion of the spaces about the central nervous system, reconstruction from serial

sections, or merely study of the various stages by means of serial sections.

It was ascertained early in the investigation that by injection and serial sec-

tions without reconstruction the necessary stages in the process of meningeal differ-

entiation could be established. In regard actually to the physiological aspects of

the problem more reliance was placed on the results of injection than on any histo-

logical differentiation, for, as explained above, considerations of the pathway and

of the flow of the cerebro-spmal fluid were deemed most important. No method

of injection, however, holds out much promise in such a problem unless it can be

applied, under conditions approximating the normal, within the spaces about the

nervous system. The greatest objection to reliance upon injections in this problem
is in relation to pressures. From the very nature of the case it will be realized that

any ordinary injection into the embryonic central canal or perispinal space must

result in an extraordinary increase in the normal tension of the fluid. This objec-

tion applies to any method employed, whether that of a simple syringe and needle,

the glass tube and bulb devised by Knower^, or a glass capillary-tube contrivance.

The erroneous conclusions drawn by investigators from the employment of

excessive pressures of injection are nowhere more strikingly illustrated than in

studies of the circulation of the cerebro-spinal fluid. Many such examples were

recently brought forward in a critical review^55 ^ published in connection with a study
of the fluid. In the embryo, with structures and membranes still of very little

tensile strength, the consequences of a disregard for the pressures of injection are

even more disastrous.

A second criterion for the study of fluid-pathways in the body is necessarily

the type of injection mass. Not only should attention be paid to the pressures

involved, but the peculiarities of the particular body-fluid concerned must be con-

sidered. Adopting for this work on the embryo the same standards followed in the

previous investigation on the adult, true solutions were used in place of the customary

granular suspensions. Emulsions and viscous solutions were not employed because

of their obvious disadvantages in studying the passage through membranes. India

ink and process black (in which carbon granules are the particulate matter) were also

used, but only for comparison with the standard true solution, as the likelihood

of the insoluble granules being phagocyted within the period of experimentation
or of being caught mechanically in tissue meshes appeared a priori to be too great.

In any study of fluid-pathways in the body, not only must the injection fluid

be a true solution, but it must also be one which is not attracted to particular cells

(as with many stains) . Likewise, colloid stains (such as the benzidene group) could

not be employed, because of the fact that certain cells (macrophages, as described



16 DEVELOPMENT OF CEREBRO-SPINAL SPACES IN PIG AND IN MAN.

by Evans^14
') phagocyte the small colloidal particles. In addition, the true solution

must be readily precipitated as an insoluble salt, capable of remaining unchanged

in histological technique. After trying many salts in long-continued injections into

the adult cerebro-spinal spaces, it was found that solutions of potassium ferro-

cyanide and iron-ammonium citrate in equal parts were admirably adapted to the

purposes of the experiment. By the addition of a mineral acid (preferably hydro-

chloric) ferric ferrocyanide could be precipitated. This prussian-blue is insoluble

in the routine technique and is readily identified in sections. After mounting in

damar or balsam the blue granules can be observed unchanged for several months,

but after a year there is some deterioration in the specimen, due to a conversion

of the blue into indefinite greens.

TEXT-FIGURE 1. Schematic sketch of mechanism used for replac-

ing ventricular and spinal fluid of an embryo with a foreign

solution or suspension. The system is here shown in balance,

the difference in fluid-level in reservoirs and needles repre-

senting the hydrostatic pressure necessary to overcome the

capillary resistance of tubes and needles. The stands hold-

ing the injecting needles may be moved about without altering

the balance of the system. As one reservoir is raised, the

other is lowered in a corresponding degree.

In regard to these two major factors in the employment of injections (pressure

and true solution) it was found necessary to devise a method of experimentation

which would satisfy the requirements of the problem. Solutions of the ferrocyanide

and of the citrate were non-toxic within the central nervous system and afforded

an excellent histological means for following the fluid-pathways. It was hoped at

first that a simple "replacement" type of injection might be employed, as in the

adult animals. In this procedure a given amount of fluid was withdrawn from the

subarachnoid spaces and immediately replaced by an equal quantity of the injection

fluid. The method was successfully tried on fetal cats of considerable size, but
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was impracticable on small embryos. After such a replacement the animals were

allowed to live for varying periods of time (up to 3 hours) and then killed.

It was soon ascertained that the essential circulation of the cerebro-spinal fluid

was established in pig embryos of less than 30 mm. in crown-rump measurement.
Hence the ordinary method of replacement had to be discarded for some more
delicate system. With the realization that a simultaneous withdrawal and intro-

duction in a living embryo would be far preferable to a two-stage procedure, the

extremely simple apparatus pictured in text-figures 1 and 2 was employed. This
device consists of two glass tubes of uniform and like bores, suspended from above

by a string running over a pulley. To the tapering lower ends of these reservoirs

are attached rubber tubes which connect the reservoirs to two needles. These
needles are held at the same level by two metal brackets which can be moved at

will on a level glass plate.

TEXT-FIGUKE 2. Diagrammatic representation of

the method of replacing the cerebro-spinal fluid

in a living embryo. The spinal needle is inserted

into the central canal of the spinal cord, while
the cerebral needle is introduced into one of the
cerebral ventricles. The canal of the spinal
cord and the cerebral ventricles are represented
by the interrupted lines. The foreign fluids

are introduced by the spinal needle and with-
drawn by the cranial.

The apparatus is employed as follows: Both tubular reservoirs are filled up to

the point where the fluid is just ready to fall from the needle in a drop. This point

is easily obtained by filling the reservoirs slightly in excess and allowing this excess

fluid to run off from the needle. With the system thus in balance the needles lie

in the same horizontal plane and can be moved without altering the balance of the

solutions. The injection is made by inserting one needle into the central canal of

the spinal cord and the other into one of the lateral ventricles; then as the reservoir

connecting with the spinal needle is raised the other is lowered, so that an amount

of fluid equal to that introduced into the spinal canal is withdrawn from the cerebral

ventricles. In this way the whole contents of the cerebral ventricles and central

canal of the spinal cord can be slowly withdrawn without increasing the pressure

in the central nervous system. The initial pressure necessary to secure this flow

is only that required to overcome the capillary resistance of the medullary-canal

system. In practically all cases this can be accomplished by using a positive pres-

sure of less than 60 mm. of water (associated with a negative pressure of the same

degree) .
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In the present study the above procedure was the routine method of injection

employed. Pig embryos, brought from the abattoir, contained in the uterus, were

found to be wholly satisfactory material. If not permitted to cool excessively in

transit the embryos lived for at least two hours in a 38 incubator. On being
received at the laboratory a section of the uterine wall containing the placenta was

excised, with the embryo left connected by the umbilical structures. As soon as

the technical preparations for injection were completed the amnion was opened and

the embryo placed upon a padded block at the proper level. The first needle was

then inserted into the easily discernible central canal of the spinal cord and the

second into the left cerebral ventricle or into the mesencephalic ventricle. By
elevation of the reservoir connected with the first needle the cerebro-spinal fluid

was replaced by the injection solution. As soon as the replacement was complete
the needles were withdrawn and the embryo and its uterine portion replaced in

the incubator. The heart of the embryo could be easily observed in the smaller

forms and served as the index of a continued circulation.

The incubation of the embryos was continued for varying periods of time, but

it was soon ascertained that a period of over 30 minutes generally resulted in a

complete spread of the injection solution. For comparison the period of incuba-

tion was lengthened and shortened, but the best results were usually obtained with

a 45-minute incubation after the replacement.

Injections of the necessary true solutions were made, in the routine experiment,

with a 1 per cent concentration of potassium ferrocyanide and iron-ammonium

citrate in distilled water. By a 1 per cent solution is meant a salt concentration of

this amount (potassium ferrocyanide, 0.5 gm.; iron-ammonium citrate, 0.5 gm.;

water, 100 c.c.). The resultant true solution should be practically isotonic with the

body-fluids. In this way any injurious consequences due to hypertonic or hypo-
tonic solutions were apparently overcome. The factors of osmosis and diffusion

also had to be considered in this connection.

Other concentrations of the so-called "ferrocyanide mixture" were used, but

only for the sake of comparison or for the purpose of investigating some particular

phase of the problem. The results obtained by the use of these concentrations were

not relied upon as affording standards for the normal pathway of the cerebro-spinal

fluid.

In addition to the replacement type of injection, many observations were

carried out on pig embryos, with a simple syringe-injection of the ferrocyanide solu-

tion into the central canal of the spinal cord or into the cerebral ventricles. It

proved to be a very simple matter to regulate the pressures by this method, and

three arbitrary standards (mild, moderate, and strong) were found to be of value

in a comparison of the extent of the spread obtained by replacement and by injection.

The prussian-blue reaction (formation of ferric ferrocyanide) was obtained in

these experiments by fixing the whole embryo in an agent containing hydrochloric

acid. For histological study the best results were obtained by immersing the

specimen from 1 to 10 minutes in a 10 per cent formaldehyde solution containing
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1 per cent hydrochloric acid. After this primary procedure, during which the

ferrocyanide was precipitated, the embryo was transferred to Bouin's fluid (satu-

rated aqueous picric acid, 75; formaldehyde 40 per cent, 20; glacial acetic acid, 5).

The specimens were allowed to fix over night and were then dehydrated in graded
alcohols. From 30 per cent alcohol, use was made of 4 per cent changes up to 60

per cent; and from this point to absolute the changes were by 2 per cent gradations.

In addition to the technique outlined above, Carnoy's solution and 10 per cent

formol were employed. The Carnoy fluid, containing acid (absolute alcohol, 60;

chloroform, 30; glacial acetic acid, 10; hydrochloric acid, 1) proved to be of particular

service in the study of specimens cleared by the Spalteholz method; histologically,

however, it has not been as valuable as Bourn's fluid.

Besides the ferrocyanide solution, two other injection masses were constantly

employed. Solutions of silver nitrate in concentrations of 0.5 per cent were injected

into the central canal of the spinal cord and into the cerebral ventricles. This

method, with reduction of the silver salt in the sunlight, gives very pleasing prepara-

tions. It is, however, subject to obvious limitations. The intraspinous toxicity

of the silver, together with its action as a precipitant of albuminous substances,

renders its use unsatisfactory in replacement experiments. Furthermore, it reacts

apparently with any protein tissue, irrespective of the true function of that tissue

(as, for example, its coagulation of the lining ependyma of the ventricles).

India ink, the other substance employed, is of extreme value in anatomical

studies. Because of the suspension of carbon granules it possesses the disadvan-

tages already commented upon for the study of any true pathway of fluid. It has

been of service, however, in the present work in showing marked differences in

spread from that of true solutions and in furnishing information in regard to fluid

passage through a membrane.

This investigation has been carried out on the basic idea of correlating the

physiological spread of the embryonic cerebro-spinal fluid with the gradual trans-

formation of the perimedullary mesenchyme into the three fully formed meninges.
This has necessitated a histological study of the embryo. Pigs for the most part

were the animals used, but the findings have all been verified by a study of the same

regions in the human embryos in possession of the Carnegie Institution of Washing-
ton. In addition, certain structural characters have likewise been identified in

sections of chick, rabbit, and cat embryos.
It was early apparent that the material to be of value must be free from any

great shrinkage about the central nervous system. Comparative freedom from

this artifact was obtained by fixing the embryo alive in Bouin's fluid and dehydrat-

ing by 2 and 4 per cent gradations of alcohol. The material was chiefly cut in

paraffin after being embedded by means of xylol.

The methods of investigation outlined in the foregoing paragraphs have been

followed throughout the major portion of the work. In many minor instances

other procedures not commented upon have been employed; these will be detailed

in appropriate subdivisions of this paper.
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IV. INJECTIONS AND REPLACEMENTS IN THE CEREBRO-SPINAL SYSTEM.

RESULTS OF REPLACEMENTS IN THE VENTRICULAR SYSTEM OF TRUE SOLUTIONS.

The results of experiments carried out on embryo pigs by the technical pro-

cedures outlined in the previous section will be detailed here. The study was

made on this animal because of the facility with which it could be obtained living

and in good condition and also because it exhibits the characteristic meningeal

anatomy of all mammals. The chick could not be used in this investigation on

account of the dissimilarity between the avian and the mammalian meninges.

The chief problem concerned here was the actual physiological extent of the

cerebro-spinal spaces. This apparently could be ascertained by the replacement of

cerebro-spinal fluid by the ferrocyanide mass. But there was also to be considered

the passage of fluid from the ventricles out into the periaxial* spaces, corresponding

exactly to a similar passage in the adult.

If into the central canal of the spinal cord of a living pig embryo of 9 mm.,
crown to rump measurement, an injection of the ferrocyanide solution be made

under very mild syringe-pressure, the ventricles can be fairly well rilled without

rupture of any element. Incubation of this experimental embryo with its circula-

tion continuing almost unabated for an hour should cause a further spread of the

fluid throughout the normal canals. If at the end of this time the whole embryo is

fixed in an acid medium the ferrocyanide will be precipitated in situ.

Such a specimen, subsequently cleared by the Spalteholz method, is represented

in figure l.f In this drawing the spread of the injection solution is clearly shown.

Running upward from the point of introduction, wholly within the central canal of

the spinal cord, it reaches the bulbar region and extends outward into the large

fourth ventricle, appearing as a dense collection of the prussian-blue. Cephalad

from this region it spreads in diminishing intensity until it is finally lacking in the

diencephalon.
The injected solution, then, in spite of the unavoidable increase in the normal

intramedullary pressure, is contained only within the medullary-canal system (cen-

tral canal of spinal cord and cerebral ventricles). There is no evidence of any

spread outwards, either from the third or fourth ventricle.

In the next stage of meningeal development the replacement method can be

used, as the embryo is no longer too small for its employment. In figure 2 is repre-

sented an embryo of 13 mm., in which the circulation continued for 90 minutes

after the replacement. The same general picture shown in figure 1 results. The

whole medullary-canal system is filled with the precipitated prussian-blue, which

is densest in the region of the fourth ventricle. The roof of the ventricle, however,

shows a striking difference from that of the ventricle in the embryo of 9 mm. Just

posterior to the cerebellar lip is a regular oval, which is covered from within by a

dense collection of prussian-blue granules, causing it to stand out in clear contrast

to the thinner and more evenly distributed blue lining of the remainder of the

*Throughout this paper the term "periaxial
"

has been used in the sense of "around the central nervous system
"

or "around the eerebro-spinal axis."

(Throughout this work the reference "figure
"

1, etc., refers to plate illustrations; the word "text-figure" refers to

the illustrations inserted in the text.
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roof. This oval area is comparatively large and comprises a portion of the superior
or anterior half of the ventricular roof. This area, differentiated from the remainder

of the rhombencephalic roof, is clearly shown in figure 2, a drawing of a cleared speci-

men of this stage.

With the exception of this strikingly dense area in the rhombic roof, the injec-

tion spread in an embryo of 13 mm., subjected to replacement of the cerebro-spinal

fluid by the fcrrocyanide, differs in no way from that in the embryo of 9 mm. Care-

ful inspection of figure 2 is convincing that the spread still remains within the

medullary canals, with no extension of the fluid into the spaces outside of the cerebro-

spinal axis. It seems justifiable, then, to speak of the cerebro-spinal spaces at this

stage of development as being only intramedullary in type, with no indication as

yet of a meningeal fluid cushion (corresponding to the adult subarachnoid space).

With the use of larger embryos, however, for the medullary replacement with

ferrocyanide and citrate, the picture gradually changes. The first indication of a

more advanced stage of development is obtained in embryos whose length exceeds

14 mm. Figure 3, of a pig embryo of 14.5 mm., is included here as representing
this further extension of the injection fluid. The cerebro-spinal fluid of this speci-

men was replaced, by the compensating mechanism, by a solution of potassium

ferrocyanide and iron-ammonium citrate. The embryo was then kept alive (as

judged by the heart-beat) for a period of one hour. At the end of this time it was
fixed in an acid medium and subsequently cleared in oil of wintergreen after careful

dehydration.

The essential differences between an embryo of this stage and one of the stage

represented in figure 2 concerns the spread of the injection fluid from the roof of

the fourth ventricle. Both specimens show a complete filling of the intramedullary

system (cerebral ventricles and central canal of the spinal cord) with the precipitated

prussian-blue granules. The specimen of 13 mm. (fig. 2) is characterized by a

dense oval collection of the prussian-blue on the upper and inner surface of the

rhombic roof. In the specimen shown in figure 3, in contradistinction to this

localized aggregation of granular matter, there is a delicate extension of the injec-

tion fluid caudalwards from the roof of the fourth ventricle. This fusiform projec-

tion is here readily made out, lying beneath the skin over the ventricular roof and

separated quite distinctly from the easily discernible line of the roof. This outward

extension of the fluid has a fairly wide and deep origin from the upper portion of

the roof, but tapers caudally to a sharp point with considerable rapidity.

At the stage of 14 mm. the roof of the fourth ventricle shows the small depres-

sion which marks the formation of the chorioid plexuses. With this depression

occurring transversely the relation of the external surface of the embryo to the

ventricular roof necessarily alters somewhat in this region. The chorioidal depres-

sion of the roof gradually becomes separated from the skin; and it is into this area

between the skin and the ventricular ependyma that the first spread from the

cerebral ventricles occurs. At this stage, illustrated in figure 3, the injection is

intramedullary in type, with but slight extension into the pericerebral tissues.
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The pericerebral spread may be made out in nearly all replacements in embryos
of 14 mm., but in a few cases the injection has remained intramedullary in type.

In embryos of 16 mm. the spread into the pericerebral tissues is invariably found.

Often, with this extension of the replacement solution outside the ventricles, the

oval area noted in the stage of 13 mm. persists. (This phenomenon is especially

well shown in a simple injection of silver nitrate, illustrated in figure 11.)

The next stage of importance in the development of the cerebro-spinal spaces

is represented in figure 4, a drawing of a pig embryo of 18 mm. in which a typical

intramedullary replacement of the cerebro-spinal fluid with a solution of potassium

ferrocyanide and iron-ammonium citrate had been made. Here, with the exception

of the region of the roof of the fourth ventricle, the replaced fluid is contained solely

within the central canal of the spinal cord and within the cerebral ventricles. The

roof region, however, exhibits a new phenomenon, which distinguishes it from the

stage shown in figure 3. The chorioid plexus invagination has become strongly

developed, dividing the roof into two parts. These roof divisions have been termed

superior and inferior, the former lying anteriorly and orally from the chorioid fold.

The general surface outline is but little changed, due to the mesenchyme filling up

the area between roof and skin. From two areas in the entire roof of the fourth

ventricle the foreign fluid has escaped into the pericerebral tissue. These points of

fluid passage lie in the two divisions of the ventricular roof. The superior area of

escape corresponds to the oval outlined by the prussian-blue in figure 2 and to the

point of emergence of fluid shown in figure 3. The lower area of fluid escape is in

the inferior half of the ventricular roof, where the ependymal lining and its support-

ing tissue are developing into a well-marked dorsal distension. This area corre-

sponds to BlakeV3 ' caudal protrusion, though, as Heuser^3 ) has pointed out, the

shape of the structure in the pig in no way resembles the "finger of a glove."

The extraventricular spread of the injection fluid in this specimen is consider-

ably greater than in the pig embryo of 14 mm. (fig. 3). On the whole, however, the

distribution of the replaced fluid is not extensive as compared with the adult rela-

tionship, where the central nervous axis is entirely surrounded by its subarachnoid

cushion of cerebro-spinal fluid. From the superior area of fluid passage the replaced

solution (as shown by the resultant precipitation of the prussian-blue) has passed

both superiorly and inferiorly. In the median line, and extending laterally but

slightly, a projection of the blue may be seen occupying a large portion of the

extraventricular area formed from the chorioidal invagination. This area of fluid

passage occupies at this stage about one-third of the total transverse diameter of the

ventricular roof. From it the blue tapers caudally, diminishing in all directions.

Above, the precipitate may be made out extending superiorly over the cerebellar

lip. Its extension into the pericerebellar tissue is not marked; here again it tapers

from the area of fluid passage, its midline prolongation stretching farthest anteriorly.

This relationship is easily made out in figure 4, a frank lateral view of such an experi-

mental replacement. The granules which result from the introduced ferrocyanide

solution are found only in the central canal of the spinal cord and not in any peri-

spinal arrangement.
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In the pig embryo of 18 mm., shown in figure 4, the replaced solution has been

carried somewhat farther than in the embryo of 14 mm. (fig. 3). The chief point
of differentiation lies in the fact that in the latter stages two areas have apparently
become permeable to the intraventricular fluid, so that a larger periaxial spread has

resulted. Then, too, the extension of the ferrocyanide solution from the superior

area is considerably greater, overlapping the cerebellar lip and filling in some degree
the pericerebral tissue in the chorioidal imagination.

With a definite periaxial spread established for the cerebro-spinal fluid in pig

embryos of 14 to 18 mm., it seemed not unreasonable to expect a gradual increase

in the extent of the future subarachnoid distribution in more advanced stages. The
earliest extension of the fluid into the peribulbar tissues occurred with the inception

of the infolding of the ventricular roof to form the chorioid plexuses of the fourth

ventricle. Its further extension, particularly its passages through a second area,

occurred with the greater development of the chorioidal invagination (i. e., 18 mm.
stage). A still more extensive pericerebral flow of the ferrocyanide and citrate is

illustrated in figure 5. Here the cerebro-spinal fluid in a living pig embryo of 19

mm. was replaced by the ferrocyanide solution. The embryo was kept alive for

about an hour after the replacement and was then fixed in toto in an acid fixing

medium, which caused the precipitation of the prussian-blue. On clearing subse-

quently by the Spalteholz method the spread of the solution was found to be some-

what more extensive than in the stage of 18 mm. (cf. figs. 4 and 5). In figure 5 the

whole periaxial area over the roof of the fourth ventricle is shown to be completely
filled by a dense aggregation of the prussian-blue granules. The separation of the

two areas of fluid passage can not be made out in such a specimen. This dense

periaxial extension almost completely covers the cerebellar lip, not only in the

medial region but laterally to the limit of the ventricular roof. The injection

precipitate lies directly beneath the skin in this area, but more posteriorly its

separation from the skin becomes more marked. Tracing this dense periaxial

injection posteriorly, it is seen (fig. 5) to end somewhat abruptly in the region of

the cephalic flexure. The line of termination of the denser mass, to the ventral

surface of the medulla, tapers somewhat anteriorly. This extraventricular spread
is medial to the otic vesicle, but extends peripherally along the caudal cerebral

nerves, reaching outward as far as the peripheral ganglia. The periaxial spread
also closely covers the ventral surface of the medulla and extends in this plane
around the pontine flexure for a short distance upwards along the basilar surface

of the mid-brain.

Examined from its dorsal aspects, the superior portion of the spinal cord is

found to be covered (in a perispinal relation) by a fine deposit of the prussian-blue.

This is shown in figure 5. Caudally from the higher cervical region there is no evi-

dence indicating a further spread hi the perispinal tissues. Such a spread from

above downward is wholly at variance with RefordV47 ) conception of a development
of the spinal meningeal spaces before the cerebral. The complete filling here of the

central canal of the spinal cord and of the cerebral ventricles with the replaced fluid,
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with no evidence of a periaxial spread except in the region of the fourth ventricle,

indicates that in the pig embryo the adult human relationship between the cerebral

ventricles and the subarachnoid spaces endures. There is apparently in this

embryo no evidence of the foramina of Bichat and of Mierzejewsky, a finding in

accord with the observations of Dandy and Blackfan' 10
'.

In the slightly larger embryos the further extension of the embryonic extraven-

tricular spaces progresses rapidly. Figure 6 represents such an extension in a pig

embryo of 21 mm., in which the normal cerebro-spinal fluid was replaced by a dilute

solution of potassium ferrocyanide and iron-ammonium citrate. In this specimen the

central canal of the spinal cord and the cerebral ventricles are completely filled with

the precipitated prussian-blue. But in addition there is almost a total filling of

the periaxial spaces. Viewed laterally the densest aggregation of the blue granules

is again in the region of the roof of the fourth ventricle. As in the embryo of 19 mm.

(fig. 5) ,
the whole extraventricular tissue posterior to this ventricular roof is filled

with the granules precipitated from the foreign solution. The spread from this

region is similar to that in the previous specimen, except in its far greater extent.

The granules may be traced caudalwards in the perispinal spaces to the point of

injection. The arrangement of the precipitated material, both within the central

canal of the spinal cord and surrounding it in the perispinal relationship, is well

shown in figure 7, a frank dorsal view of the same specimen represented in figure 6.

The greater density of the perispinal granules in the upper region of the cord, as

contrasted with the granules in the thoracic region, is probably of importance in

indicating the direction of the flow from above downwards. The increased amount

of the injection fluid in the region about the point of insertion of the spinal needle is

in all likelihood due to a local spread from the needle, such as frequently occurs in

a very limited area. The phenomenon may, however, be due to an actual increase

in the size of the potential perispinal space, though observations upon other embryos
of the same stage of development argue against this view. The segmental outlining

of the caudal portion of the perispinal space is to be noted in this figure.

The cephalic regions in the specimen of 21 mm. show a quite extensive spread

(fig. 6), and there is the same general distribution of the granules about the medulla,

as in the specimen shown in figure 5. The rhombencephalon is completely sur-

rounded by the blue, the ventral sheet inclosing it tightly. Laterally the prussian-

blue is shown in a dense mass, in ultimate relation to the cranial nerves as they join

the brain-stem. The cerebellum is practically completely covered by the precipi-

tate; from the ventral portion of the pericerebellar granules the replaced solution

(as evidenced by the granules of prussian-blue) spreads forward and surrounds a

portion of the mid-brain. Only the ventral surface of the posterior half of the

mid-brain is circumscribed by the granules; anteriorly it is wholly surrounded by
the periaxial injection; more anteriorly the extension is limited to the mesial struc-

tures, leaving unsurrounded the cerebral hemispheres, although creeping between

the hemispheres and the mid-brain.

The peculiar avoidance by the replacement fluid of the extreme dorsal half

of the mid-brain is also to be made out in the dorsal view of the specimen (fig. 7).
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The two lateral extensions from the ventral sheet of the injection granules approach

on either side this mesencephalic eminence. The peculiar appearance of the injec-

tion spread caused by the chorioidal imagination of the roof of the fourth ventricle

is also here illustrated.

In this specimen, then, of a pig embryo 21 mm. the periaxial spread is almost

complete, the only areas not entirely surrounded being the anterior mesencephalon

and the cerebral hemispheres. In an embryo but a few millimeters larger this

periaxial extension of the solution is complete. The mesencephalon first becomes

entirely covered by the prussian-blue precipitate, with later extension over the

hemispheres. This complete periaxial injection occurs usually in replacements in

embryos varying in length from 24 to 28 mm.
A specimen exhibiting a complete extension of the replaced solution around the

central nervous system is shown in figure 8. This specimen was prepared by replac-

ing the cerebro-spinal fluid in a living embryo of 26 mm. and then keeping the

embryo alive for an hour. After fixation in an acid medium, dehydration, and clear-

ing, the injection was found to occupy the whole medullary-canal system and also

to surround completely the cerebro-spinal axis, as shown in the lateral view. The

striking features of this stage are similar to those observed in theyounger specimens

the dense accumulation of granular material in the region of the roof of the fourth

ventricle, the surrounding of the central portion of the caudal cranial nerves, and

the thin pericerebral covering by the replacement mass. In addition the specimen
exhibits in the thoracic region an extension of the granular material laterally along

each spinal nerve. An observation of this peculiarity reveals the prussian-blue

extending outwards only as far as the ganglia on the posterior roots.

The relationships, then, observed in an embryo pig of 26 mm. are those which

exist in the adult; the cerebro-spinal axis contains cerebro-spinal fluid within its

cerebral ventricles and within the central canal of the spinal cord, while in turn it is

completely surrounded by cerebro-spinal fluid within the subarachnoid space.

Communication between the ventricles or intra-medullary system and the peri-

spinal spaces occurs only in the region of the fourth ventricle. Here again the adult

human relationship holds. The evidence, therefore, from a study of the fluid

spread in a replacement experiment with the use of true solutions, indicates that in

pig embryos of about 26 mm. an adult distribution of cerebro-spinal fluid occurs.

THE RESULTS OF INJECTIONS OF TRUE SOLUTIONS.

In the preceding section there have been detailed the results of experiments on

living pig embryos in which the cerebro-spinal fluid of both the central canal of

the spinal cord and the cerebral ventricles has been replaced by a dilute solution of

potassium ferrocyanide and iron-ammonium citrate. After the replacement, car-

ried out so as to avoid any increase in the normal tension, the embryos were incu-

bated for varying periods of time so that the normal current of the fluid might cause

an extension of the foreign solution. In the experiments which will be recorded

in this section the same true solution was injected from an ordinary syringe and the
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salts immediately precipitated as prussian-blue. The purpose of these observations

was solely to ascertain the effect of injections at pressures above the normal tension,

so that the conclusions drawn from the replacement method might be more fully

substantiated.

It was soon ascertained that the pressures caused by injections with a simple

syringe could be fairly well controlled and that several degrees of tension might be

employed. Thus it was found to be simple and serviceable to designate the injec-

tions as those made with mild, moderate, or strong syringe-pressure. Most of these

injections were made into the central canal of the spinal cord, but occasionally into

the perispinal spaces or cerebral ventricles. Injections under equivalent pressures

in the central canal of the spinal cord or into the cerebral ventricles always gave

corresponding results. It is necessary to record that the injections, even under

strong pressure, were not carried to the point of macroscopic rupture.

The so-called mild syringe-pressure, making use of solutions of potassium ferro-

cyanide and iron-ammonium citrate, resulted in extensions of the prussian-blue

wholly similar to those obtained in the replacement experiments which were carried

on for 30 minutes and over. This similarity indicates a complete filling of the avail-

able cerebro-spinal system in the replacement method, for certainly (even in the

mildest syringe injections) the intraventricular pressure must be excessively

increased. Figure 1 shows a specimen under such conditions, with a marked thin-

ning of the injection mass in the region of the fore-brain. This finding is customarily

present in the injections under mild pressure, due to the pushing upwards of an

existent ventricular fluid.

When moderate pressures are employed with the syringe the picture gradually

changes. The essential difference in the results obtained by moderate syringe

injection and by the replacement method lies in the greater extension of the foreign

solution in the smaller embryos. Thus in figure 9 the spread of the injection

precipitate in a pig embryo 16 mm. is shown to be about as extensive as that obtained

by the replacement method in an embryo of 19 mm. (fig. 5). The extraventricular

distribution of the injected solution around the medulla, the extension (even more

marked here) along the central roots of the caudal cranial nerves, and the localized

perispinal spread are easily made out in this specimen of 16 mm.
This general rule applies to all of the results obtained with the use of syringe-

pressures above the mildest. Dependent upon the degree of syringe-tension, the

spread extends in simple ratio. Thus, by the use of moderate pressures of injection

into the central canal of the spinal cord, a complete intramedullary and periaxial

spread was secured in a pig embryo of 22 mm. somewhat earlier than the equivalent

stage was obtamed by the use of the replacement method.

With the highest syringe-pressures (insufficient, however, to cause macroscopic

rupture) the same general type of injection spread was obtained, bringing the more

complete stages down into smaller and smaller embryos. Most of these embryos,

however, on microscopic section showed obvious rupture of some part of the central

nervous system.



INJECTIONS AND REPLACEMENTS IN THE CEREBRO-SPINAL SYSTEM. 27

The most important feature of these findings in the embryo pig injected with

true solutions under moderate pressures from a syringe concerns the fact that the

extension of the injection coincides, except as to the size of the embryo, hi every

instance with that obtained by the replacement method. Thus similar and analo-

gous spaces are filled by injections under syringe-pressures in small embryos and by

the solution under normal tension in larger embryos. It must be assumed, then,

that the pressure of injection is sufficient to dilate potential cerebro-spinal spaces

which normally would not be concerned in the pathway taken by the cerebro-spinal

fluid. No evidence of new or abnormal pathways for the fluid is afforded by the

observations made with the increased pressure; these phenomena indicate great

potential strength in the tissues which limit the immature cerebro-spinal spaces.

Injections with a simple syringe may be made with such a degree of pressure

that gross rupture of the tissues becomes apparent. In such an injection into the

central canal of the spinal cord the infundibular region ordinarily ruptures in the

smaller embryos (under 15 mm.), while in larger embryos rupture usually occurs

into the subcutaneous tissues of the back of the neck over the fourth ventricle.

In discussing the effects of the introduction of solutions of ferrocyanide under

pressures higher than normal into the central canal of the spinal cord, it may be

appropriate to record observations made in the attempt to inject the cerebro-spinal

spaces from the perispinal space. In embryos under 15 mm. in length it is quite

difficult to make a perispinal injection. As the embryos exceed this measurement

the injection becomes increasingly easy, but not until a length of 20 mm. is attained

can it be made under the mild pressure advisable. These observations tend to

substantiate the findings already recorded in both the intramedullary replacements

and the injections under mild pressure.

RESULTS OF INJECTIONS OF NITRATE OF SILVER.

In a number of experiments a dilute solution (0.5 per cent) of nitrate of silver

was injected into the central canal of the spinal cord and the salt then reduced in

the sunlight. This solution, although a true one, is wholly unsuited for the replace-

ment type of injection, on account of its great toxicity and its power to coagulate

protein. It was employed here only for the simple type of injection.

The results obtained by this intraspinous injection of solutions of nitrate of

silver were of but little value in the determination of a pathway for the cerebro-

spinal fluid, but they vividly present certain aspects of the problem. Thus, in

figure 11, a drawing of a specimen (pig) of 16 mm., the area through which fluid

passes in the superior portion of the roof of the fourth ventricle is clearly outlined

by a denser deposition of the silver. This specimen was prepared by introducing

the solution of nitrate of silver into the central canal of the spinal cord under the

so-called moderate syringe-pressure. The drawing shows a slight, cone-shaped

extraventricular spread of the injection fluid. This spread takes place solely from

the superior area of fluid passage, a result in accord with the finding that the solu-

tion of potassium ferrocyanide and iron-ammonium citrate passed first through the

superior area. Of course it is realized that the precipitant action of the silver may
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have exerted a more potent action on the structures constituting the lower area of

fluid passage.

Another interesting phenomenon of the injections of silver nitrate is shown in

figure 12. The embryo of 13 mm. here represented was injected under strong

syringe-pressure with a solution of silver nitrate into the central canal of the spinal

cord. On subsequent reduction and clearing it was found that the excessive pressure
had resulted in a complete intramedullary injection with a localized pedunculate

spread into the tissues from the roof of the fourth ventricle. This bulbous extrava-

sation into the extraventricular tissue has not been observed in any specimens except
those into which the solution of silver nitrate was injected. Such a spread is prob-

ably to be accounted for by an immediate coagulation of the surrounding tissue.

The extensive use of solutions of silver nitrate as a means of demonstrating
vascular channels naturally suggests a careful comparison of the results obtained

from its use and those obtained from the employment of other available true solu-

tions, in regard to the evidence afforded by the two methods of intraspinous injec-

tions. The chief objection to the use of silver nitrate, as has already been mentioned,
is its power to coagulate protein. This is illustrated by many features of the

specimen shown in figure 11 by the sharp outlining of the area of fluid passage, the

markings on the caudal process of the fourth ventricle, and the delimitation of the

cerebellar lip. But much more marked are the evidences of this coagulative power
as shown in figure 12, the pedunculated extraventricular spread, the transverse

corrugation of the cerebellar lip (amounting to circumscribed indentations), and the

peculiar outlining of the roof attachment to the bulb. These phenomena obtained

by the intraspinous injection of solutions of silver nitrate must be classed as arti-

facts. The different degrees of this corrosive action of the silver probably result

from the varying rates of reduction of the salt to the metal, a factor which is not

easily regulated. The findings, therefore, with this method are worthless unless

controlled.

Many embryos of varying sizes were injected with the silver nitrate. In the

main these observations followed the course of development of the cerebro-spinal

spaces as evidenced by the replacement experiments with the ferrocyanide. The

injections required moderate pressure in the syringe in order to secure more than a

local extension from the roof of the fourth ventricle, and to secure the same extent

of spread it was generally necessary to use embryos a few millimeters larger than

those required in the replacement experiments; but this is to be expected, in view

of the probability of a constant precipitation of the albuminous tissues by the

injection fluid.

Specimens prepared by the intraspinous injection of silver nitrate, then, afford

but little reliable evidence in this problem except of a substantiative sort. The

findings by this method indicate that the perispinal and pericerebral spaces, in pig

embryos of 25 mm. and upward, could be filled by an injection of silver nitrate under

moderate pressures into the central canal of the spinal cord. The point of pas-

sage of the fluid from the intramedullary to the periaxial system was in the region

of the roof of the fourth ventricle.
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THE INJECTION OF INDIA INK.

The objections to the use of any fluid of insoluble particles in suspension have

already been discussed in considering the methods of injection which were possible

for use in this study ;
but for comparison with results obtained by more promising

methods and to ascertain to what extent injections with india ink are reliable they
will be further considered here. No granular substance other than india ink (car-

bon granules) was employed in this investigation. In every way this suspension

possesses advantages over other possible masses in its ease of preparation, in the

small size of the granules, and the insolubility in the reagents used for microscopic

technique.

Suspensions of india ink (diluted from 4 to 10 times) were introduced first into

the medullary-canal system of living pig embryos by the replacement method. In

no case, however, even though the circulation of the embryo may have continued

for 90 minutes, was there any evidence of an extension of the replaced mass outward

into the periaxial spaces. The carbon granules remained wholly within the ven-

tricles, a striking difference from the results obtained by the ferrocyanide replace-

ments. It would appear, then, without the further evidence afforded by micro-

scopic section of the specimens, that there is an existing mechanism which prevents

the passage of the carbon granules from the fourth ventricle into the periaxial spaces.

This finding was found to be constant in all the living embryos subjected to the

cerebro-spmal replacement.

Quite similar to these results by the replacement method are those from the

injection of a suspension of india ink under mild syringe-pressure. In no instance,

provided the pressure was maintained at a low enough degree, was there any passage
of the granular material into the periaxial tissue. In embryos of over 30 mm.,
however, even with the lowest pressure, it becomes increasingly difficult to prevent
a sudden spread into the periaxial spaces. The type of spread indicates a sudden

release of some restraining agent and suggests a rupture of a membrane. This

spread is usually local and takes place from the roof of the fourth ventricle.

With moderate and strong syringe-pressures, however, it is possible to secure a

periaxial spread, but this is quite different from the distribution of the injections by
the use of ferrocyanide solutions. Figure 10 illustrates a specimen of a pig embryo
of 21 mm. into whose central spinal canal india ink was injected under strong

syringe-pressure. The resultant spread of the injection is easily discerned; the

cerebral ventricles are quite filled with the carbon, while from the superior portion

of the roof of the fourth ventricle a dense but localized periaxial spread is made out.

This extraventricular extension of the ink is well defined; it stretches caudalwards

for a slight distance, curving about the bulbous caudal portion of the ventricle

and extending lateralwards but a short distance. The median portion of the

cerebellar lip is covered by the granules. Evidences of the excessive pressure at

which the injection was made are shown by the lines of invasion of the spinal cord

and mid-brain. A comparison of the spread of this injection mass with the exten-

sion of a ferrocyanide replacement in an embryo of the same size (21 mm.) is afforded

by figures 10 and 6. With such a divergence in the results obtained by the two
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methods of approach it is not surprising that observations such as RefordV47 ) fail

to coincide with these findings. The immutability of suspensions of granular

material in the investigation of the cerebro-spinal spaces has been many times

verified in this work.

In the further study of the course of the spread with injections of india ink it was

found that, in pig embryos of approximately 22 mm. and over, a partial periaxial

injection could be secured by plunging the syringe-needle into the perispinal spaces.

The carbon granules could subsequently be seen filling the perispinal spaces and

also mounting upwards in partial pericerebral relationships, particularly around the

medulla. This result was obtained by the use of strong syringe-pressures. Appar-

ently the resistance to the spread of the ink in injections or replacements in the

medullary-canal system occurs in the passage of the fluid from the roof of the fourth

ventricle into the periaxial spaces. So far as is known, Reford (4?) did not control

his injection pressures. These results with the injection of india ink under strong

pressures coincide with the idea of his observations afforded by the abstracts given

by Sabin^49) and Cushing(9)
. Suspensions of india ink, then, injected under mild

syringe-pressure or by the replacement method, offer no evidence, in the pig embryo,
of a passage of the cerebro-spinal fluid into the periaxial spaces. Only by employing

pressures much above the normal tension can such evidence be obtained.

V. UNDESCRIBED STRUCTURES IN ROOF OF THE FOURTH VENTRICLE.

The results of the replacement of the existing cerebro-spinal fluid by a true solu-

tion of potassium ferrocyanide and iron-ammonium citrate in a living pig embryo

indicated, as detailed in the foregoing section, that the fluid passed from the ven-

tricular system into the periaxial tissues in the region of the roof of the fourth

ventricle. This important transit of the fluid, agreeing with the established con-

ception of the relationship in the adult, was first observed in an embryo pig of

14 mm. (fig. 3). At this stage the exudation of the replaced fluid occurred in one

defined area, seemingly corresponding to the dense oval in a smaller embryo shown

in figure 2.

Such a passage of fluid from ventricle to periaxial tissue is necessarily a physio-

logical phenomenon, and it was in the hope of finding an anatomic basis for this

phenomenon that the roof of the fourth ventricle was studied histologically. It was

realized that failure to demonstrate anatomically differentiated structures would not

vitiate the physiological observations, but that a correspondence between function

and structure was most desirable. Hence observations were undertaken to deter-

mine, if possible, an area of histological differentiation in the roof of the fourth

ventricle which might be concerned in the primary passage of fluid from the cerebral

ventricles into the periaxial tissues. The investigation concerned first the exami-

nation of this region in pig embryos of 14 to 15 mm., at which stages the fluid passes

from a single area. Subsequently, similar studies were undertaken in regard to the

second, more inferior area (shown in figure 4). The results of these studies will be

given here.
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AN UNDESCRIBED AREA IN THE SUPERIOR PORTION OF THE ROOF OF THE
FOURTH VENTRICLE.

THE AREA MEMBRANACEA SUPERIOR IN THE PIG EMBRYO.

Examination of the roof of the fourth ventricle in a pig embryo of 14 mm.

revealed a peculiarly differentiated area in the superior portion. The general topog-

raphy of this area is shown in the rectangular area marked off in figure 32 a median

sagittal section from a pig embryo of this critical stage. In figure 33 this rectangular

area is enlarged to show the morphology in greater detail.

In this figure the densely staining ependyma lining the fourth ventricle ap-

proaches from both sides. The superior portion of the ependyma ends abruptly,

while the inferior line of the layer tapers more slowly. Between these two points is

an area having none of the characteristics of the ventricular lining at all other points.

The comparatively smooth contour of the ependymal cells is replaced by an irregular

cell-border. The pyknotic nuclei of the cells have been replaced by less densely

staining, elongated, spindle-like nuclear bodies. The cell-layer lining the ventricle is

here really only of a single cell in thickness, although blood-capillaries closely applied

to it suggest a greater thickness. The mesenchyme between this layer and the

peripheral epidermis is quite thin, but resembles in every way the mesenchyme in

the immediate neighborhood.
There is, therefore, as pictured in figures 32 and 33, an area in the roof of the

fourth ventricle which is morphologically dissimilar to the characteristic ependyma

lining the cavity. Is this the result of some distortion in fixation or in the routine

histological technique? Is it a constant finding and, if so, what is its history? Does

it arise at a definite period and persist throughout intra-uterine life only or through

adult life also?

The question of the actual existence of this area, or of its being caused by
technical manipulations, is one which must be answered. That this differentiated

portion of the roof of the fourth ventricle is not an artifact is verified by the general

history of its formation, by its invariable occurrence (not only in the pig but in

other animals), and by its general histological appearance. Moreover, the physio-

logical importance of this area undoubtedly inclines one completely from the

possible explanation that it is due to an artifact. No single finding wholly excludes

such a possibility; rather is one convinced, by many features, of its actual occurrence.

Considering the fact, then, that this differentiated structure in the roof of the

fourth ventricle may be found in all embryo pigs at the stage of 14 mm., it becomes

necessary to ascertain at what time in the development of the embryo it first appears

and how it is formed. Obviously the most satisfactory method is to trace the area

through the lower stages and also through the older embryos. For the sake of

greater clearness, however, a description of the area will be given from its first

differentiation through its maximum transformation to its final disappearance for

the structure is only temporary.

In pig embryos of 8 mm. and less in crown-rump measurement, the roof of the

fourth ventricle is formed of cells morphologically and tinctorially different from
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those lining other parts of the ventricular cavities. These cells are quite unlike

the deeply staining ependymal cells, which can be so readily identified as the lining

cells in older embryos. In this younger stage of 8 mm., the entire ventricular roof

is composed of several layers of cells with round or somewhat oval nuclei and fairly

abundant cytoplasm. The cell-boundaries are not well denned. The nuclei are

not deeply tinged with hematoxylin. The chromatin material is sparse and irregu-

larly distributed. Nucleoli are prominent. The cytoplasmic border lining the ven-

tricular cavity is rough and ragged at times, often blending with the coagulated

albumen of the cerebro-spinal fluid. Altogether, these lining cells bear a much

greater resemblance to the epithelial cells than to the ependymal.
These characteristics of the lining cells of the roof of the fourth ventricle are

shown in figures 24 and 25, from a pig embryo of 8 mm. The close association of

the roof cells to the surface epithelium is easily made out hi figure 25, as well as the

general character of the lining cells.

At the stages of 8 mm. and under, in the pig embryo, the roof of the fourth

ventricle is relatively quite large. In its whole extent it is formed of the peculiar

lining cells described above. With the growth of the embryonic nervous system,

the roof of the fourth ventricle is subjected to alterations in form and position; to

some extent these changes influence the cells which line the cavity in the early stages.

In pig embryos between 8 and 12 mm. in length the roof of the fourth ventricle

undergoes a change. The ependyma, which from comparison with later stages is

regarded as typical, begins to encroach upon the epithelial-like cells which are so

numerous in the 8 mm. stage (fig. 25). The area occupied by these cells diminishes,

not only relatively but absolutely. It becomes smaller and the cells gradually

change their character. These changes are shown in figures 26 and 27, from a pig

embryo of 11 mm. Figure 26 gives the location, in a sagittal section near the mid-

line of the area in figure 27, taken at a higher magnification.

In figure 27 the densely staining lips of ependymal and nerve cells are seen

approaching each other. For a considerable space in the central portion of the

photograph there is an area similar to that shown in figure 33. But considered in

connection with figure 25 this area represents the epithelial-like cells of the roof of

the fourth ventricle. This relationship is more clearly shown in figures 28 and 29,

taken in a more lateral plane from the same embryo (11 mm.). Examination, how-

ever, of the area in figure 29 shows the epithelial-like cells again apparent in the roof

of the fourth ventricle.

The process of transformation, then, as shown in these photographs from an

embryo pig of 11 mm., concerns a gradual encroachment upon the area of epithelial-

like cells by the more densely staining and more closely packed ependymal cells.

Gradually the epithelial-like cells in the central portion of the area lose their former

character (fig. 27), while around the periphery, especially on the lateral sides, the

epithelial-like appearance persists (fig. 29).

On the lateral side of this area, just as the typical ependymal lining is about to

become isolated (fig. 29), the epithelial-like lining cells form a several-celled layer.



UNDESCEIBED STRUCTURES IN ROOF OF THE FOURTH VENTRICLE. 33

The nuclei are poor in chromatin material and the cytoplasm somewhat small in

amount. The inner cytoplasmic border lining the ventricle is in contrast, by its

ragged outline, with adjacent smoother ependyma on both sides. At this stage of

the pig embryo the characteristics of the epithelial-like cells are still to be made out,

but a gradual transformation is becoming evident.

The metamorphosis becomes much more marked in the central portion of the

area, as shown in figures 26 and 27. In these figures the whole central area seems

to have lost some of its former character as an intact cell-layer. Closer examina-

tion, however, under higher power demonstrates that it still possesses an intact

surface as a lining for the ventricle. Delicate cytoplasmic strands stretch in a

continuous line across the whole area between the lips of denser typical ependyma.
The nuclei in this differentiated area are seemingly altered from their rounded form

and have elongated almost into spindles. The inner cytoplasmic border is charac-

teristically rough, with small amounts of coagulated albumen adhering to the pro-

cesses. The area, then, in its central portion, at the stage of 11 mm., has assumed
the character of the stage of 14 mm. (fig. 32) . On the periphery, however, the cells

still resemble those of smaller stages (8 mm.).
From the pictures presented by the intermediate stages (figs. 27, 28, and 29)

the differentiation goes on very rapidly, so that in the pig embryo of 13 mm. there

is rarely any evidence of the epithelial-like cells. Figures 30 and 31 are photo-

micrographs of a sagittal section of an embryo pig of 13 mm.; here there are no

evidences of the epithelial-like cells. The whole area, pictured in figure 31 as

sharply delimited from the tongues of typical ependyma above and below, has

become well differentiated. The cell-character observed in figures 27 and 33 (elon-

gated nuclei and scanty strands of protoplasm) has become very obvious. The

ragged and roughened intraventricular border, the coagulated albumen, and the

abrupt transition from the neighboring typical ependyma are well shown in the

photomicrographs of this specimen.
The differentiation of this area in the roof of the fourth ventricle of the pig

embryo proceeds at a very rapid rate, so that within the growth of a few millimeters

(from 8 to 13 or 14) a great histological change occurs. Figures 32 and 33, already

described, show the extent of this metamorphosis in a pig embryo of 14 mm. The

process, however, continues, modified possibly by the changing of the roof of the

fourth ventricle. For this roof structure is subjected to marked alteration in stages

of 14 mm. and upwards, both by the lateral development of the chorioid plexuses

and by the readjustment of the cervical and pontine flexures. Its maximal differ-

entiation may be said to appear at a stage of 18 mm.; this is maintained through
several millimeters, until undergoing final retrogression.

This maximal change in the roof of the fourth ventricle is shown in figures 34,

35, 36, and 37. Several points of interest are brought out in these photomicro-

graphs. Figure 35 represents an enlargement of the rectangular area in figure 34,

taken from transverse sections of an embryo pig of 18 mm. The area is particularly

well shown in this figure, in which, from the right, the typical ependyma, in a fairly
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smooth single-cell layer, approaches the differentiated cells in the central portion.

On the left, too, similar typical ependyma is shown. In the central area, which

has been repeatedly described, the elongated nuclei, the strands of protoplasm, and

the ragged, irregular intraventricular surface are well presented. The photomicro-

graph has been reproduced to show the relation of this differentiated area to the

various blood-channels in the supporting mesenchyme. Apparently the whole ven-

tricular roof is, at this stage, a site for an extensive capillary plexus; from both

sides, as shown in figure 35, vessels (one of great caliber) approach the central area

of differentiation. Directly beneath this area smaller capillary channels can be

made out, from which, apparently, a slight extravasation of red blood-cells has

occurred. Here, as in the greater part of the basilar pericerebral region, extravasa-

tion of the blood-cells is very frequent. This phenomenon has already been pointed

out by Mall 136
'.

The large extent and the great differentiation of this peculiar area in the roof

of the fourth ventricle are well shown in figures 36 and 37, taken from a transverse

section of a pig embryo of 18 mm. In the photomicrograph of higher magnifica-

tion the two sharp tongues of typical ependyma are quite striking. Their abrupt

termination in the wide, differentiated area has nowhere been more convincingly

shown. The resemblance of these lining cells in the central area to the mesenchymal
elements adjoining is here also seen. The most interesting of all the phenomena
exhibited in this reproduction, however, is the attachment, apparently by precipi-

tation, of the coagulated albumen of the cerebro-spinal fluid. This coagulation, in

this specimen, delimits the differentiated area in the roof of the fourth ventricle.

The phenomenon is seemingly only an amplification of a similar attachment of

small fragments of the albuminous precipitate shown in other figures.

Beyond the stage of 18 mm., which may be termed the maximal stage, the

differentiated area in the roof of the fourth ventricle undergoes a regression. This

is apparently due to the morphological alterations in this rhombic roof. The cho-

rioid plexuses in embryos over 18 mm. long deeply invaginate the fourth ven-

tricle, possibly drawing some of the true roof with them, but surely encroaching

upon the mid-line with their lateral tuftings. This growth tends to decrease the

available extent of the differentiated area, but an even more potent factor is the

rapid development of the cerebellum. The caudal growth of the cerebellar lip soon

largely occupies or replaces the superior half of the roof. These two factors, the

cerebellar growth and the enlargement of the chorioid plexuses, render the per-

sistence of the differentiated area impossible, so that a regression or disappearance

is to be expected.

With these considerations before us, the study of sectioned pig embryos of a

greater length than 18 mm. becomes important. The process of disappearance,

however, does not occur at once. Thus, in an embryo pig of 19 mm. (figs. 42 and 43)

the differentiated area is as large and as characteristic as in the stage of 18 mm.
This same appearance and maintenance of size may be observed through the next

several millimeters' growth, but in pig embryos of 23 mm. the chorioid plexus has
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usually developed to such an extent that a continuation of the former size becomes

impossible. This is shown in figures 44 and 45. Figure 45, the enlarged squared
area from figure 44, is a photomicrograph from a pig embryo of 23 mm. The dif-

ferentiated area, due to the factors favoring its regression, now appears in close

proximity to the chorioid plexus. It has more the appearance of a degenerating
area at this stage than in any of the younger embryos, but it still shows a character-

istic delimitation of both edges on the one from the typical ventricular ependyma,
and on the other from the differentiated ependyma of the chorioid plexus. The

cytoplasmic strands of the area which forms the ventricular border do not show to

advantage in the photomicrograph, but the same ragged character with the covering
of coagulum may be made out. The process of regression, mechanical as it perhaps

is, has begun at this stage in the pig, and in the course of the next few millimeters'

growth will become even more active.

With the encroachment of the chorioid plexuses and the downward growth of

the cerebellar lip, the superior portion of the ventricular roof soon disappears, and is

practically non-existent in embryos of 30 mm. and more in length. The differ-

entiated area thus encroached upon from the sides and above becomes a mere

vestige of its former size. Thus in a pig embryo of 32 mm. (figs. 46 and 47) it

appears as a very small break in the lining continuity of the ventricular ependyma.
Without the intermediate stages such a picture would undoubtedly be considered

as an artificial erosion of the ependymal lining of the ventricle, but when studied

in connection with figure 45 the true vestigial character of the area becomes estab-

lished.

The final fate of this differentiated area in the roof of the fourth ventricle is a

complete disappearance, with the occupation of the region by chorioidal epithelium
and cerebellum. In this study it was impossible to find traces of the differentiated

areas in pig embryos of over 33 mm. in length; vestiges may persist, but so small as

to present difficulties of decision. The persistence of such a differentiated vestige

in rare instances would not be surprising; the transitory character of the area and
the method of disappearance make this seem not unlikely.

This transitory area of differentiation in the roof of the fourth ventricle of the

pig has not, so far as can be determined, been noted or described by any previous
author. His(25)

,
in a retouched photomicrograph of a sagittal section of a human

embryo of 17 mm., reproduced the area as differentiated from the roof, but he has

made no comment upon it. I have called this differentiated area in the superior

portion of the rhombic roof ventricle the "area membranacea superior veutriculi

quarti." This terminology is based on the anatomical character of the area as a

continuous membrane, but chiefly on its physiological significance. For, as will

be shown in the succeeding section of this paper, the transit of embryonic cerebro-

spinal fluid from ventricle to periaxial tissue occurs in this area, which functions

apparently as a physiological membrane. With such a physiological conception
of the area, the term "area membranacea" seems most suitable, inasmuch as it

also meets the anatomical requirements.
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THE AREA MEMBRANACEA SUPERIOR IN THE HUMAN EMBRYO.

The finding of the differentiated area in the superior portion of the roof of the

fourth ventricle in the embryo pig suggested the value of a study of the same region

in the human embryo in the further solution of the problems underlying its occur-

rence. Hence this region in the roof of the fourth ventricle has been examined in

the sectioned human embryos of the Department of Embryology of the Carnegie

Institution of Washington. It was found that a similar area occurred hi the human

embryo of approximately the same age.

The study of the roof of the fourth ventricle is usually more difficult in the

human embryo than in the pig. This is due to the fact that the roof of the fourth

ventricle quickly suffers from poor fixation and dehydration collapse or inversion of

the whole structure being commonly met with. It is rarely possible, in the younger

embryos, to secure the most satisfactory fixation, whereas in the pig these factors

may be controlled as desired. Furthermore, the undue pressures to which the

human ovum is frequently subjected in abortion may cause crushing of the more

delicate parts of the nervous system.

It is probably best, in the human embryo as in the pig, to trace the formation of

the area membranacea superior ventriculi quarti from its beginning, through the

various differentiations.

In a human embryo of 4 mm. (No. 836 of the Collection of the Carnegie Insti-

tution of Washington) the entire roof of the fourth ventricle is composed of cells with

round or slightly oval nuclei and palely staining cytoplasm. The nuclei of the cells

are poor in chromatin material as contrasted with the pyknotic character of the

typical ependymal cells. The lining tissue is of the thickness of several cells. The

ventricular cytoplasmic border is fairly smooth at this stage. This characteristic

ventricular lining is shown in figures 40 and 41, both taken from embryo No. 836.

The whole picture is similar to that exhibited by the pig embryo of 8 mm. (figs. 24

and 25).

A similar accumulation of epithelial-like cells is found in a human embryo of

7 mm. (No. 617 of the Carnegie collection). This is pictured in figures 48 and 49.

The photomicrograph of higher magnification shows these poorly staining cells

heaped up in a rather localized part of the ventricle, fairly sharply delimited from

the adjoining ventricular lining. This accumulation of cells in the roof of the ven-

tricle invariably occurs, and it must not be considered as being due to the distortion

of the ventricular roof. The reason for the asymmetry of the rhombic roof shown

in these figures lies in the fact that in this embryo, as in practically all the embryos

of similar stages in this collection, some degree of distortion of the roof of the fourth

ventricle is present. Photomicrographs (figs. 50 and 51) taken more posteriorly

(from embryo No. 617) give strong evidence of this distortion. They are repro-

duced not only to show the possible distortion, but also to give a further picture

of the lining of the ventricle, with its epithelial-like cells in several layers (fig. 51).

Similar accumulations of these epithelial-like cells are to be found in human

embryos of 9 mm. Reproductions of a much fragmented specimen of this size
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(No. 721) are given in figures 52 and 53. In the latter figure the complete occupa-
tion of the ventricular roof by these cells is well illustrated. Moreover, the speci-

men shows the many-layered stage to a degree but seldom found. It is unfortunate

that such a degree of fragmentation and distortion is found throughout this specimen.
Thus far, in human embryos up to and including 9 mm. in length, the roof

of the fourth ventricle has shown the same architecture as appears in the pig. As
will be recalled, the first evidence of a further differentiation of these cells in the pig

embryo was found at a stage of 11 mm. (figs. 26 and 27). In one human embryo
of this stage (No. 544) a distinct break in the roof of the fourth ventricle can be

made out. This is shown in two photomicrographs (figs. 54 and 55). The picture

in this case is somewhat obscured by the shrinkage and distortion of the ventricular

roof, but a distinct differentiation of the lining epithelium can be made out. On the

caudal side of figure 55 considerable nervous tissue is seen. Just superior to this

(toward the left) the lining tissue is almost lacking, a few nuclei, only, preserving
the contour of the ventricle. Above this area appears again the ventricular lining

of many layers of cells. It has been quite difficult to interpret these findings. The
area under discussion shows a rather typical adherence to the coagulated albumen;
there is evidence of its extension also into the adjacent mesenchyme, a finding

observed in no other similar stage. The caudal position of the opening, the char-

acter of the tissue approximating the ventricular cavity, and the presence of the

albumen in large amount in the adjacent mesenchyme all indicate that in great

measure the pictures presented in this specimen are largely artifacts. It seems

most likely, though, that some differentiation of the tissue in this area has occurred.

In a human embryo of 14 mm.,* as in the pig of the same stage, the area

membranacea superior has attained a great degree of differentiation. This is

particularly well shown in figures 56 and 57, the latter being an enlargement of the

squared area in the former. These photomicrographs are from embryo No. 144 of

the collection of the Carnegie Institution of Washington. Figure 57 shows a charac-

teristic which distinguishes the area membranacea from that of the pig, although in

the later stages of the pig embryo (figs. 45 and 47) this feature is present. This

concerns the marked decrease of cellular tissue in the membranous area. In figure

57 the deeply staining typical ependyma is shown approaching from below. These

cells end abruptly at the border of the area membranacea; the ventricle in this area

is lined by cells possessing small elongated nuclei and long cytoplasmic processes,

which unite to form a ventricular lining. The oval nuclei along the ventricular

border become more closely massed together in the superior portion of the area, but

nowhere is there the same architecture as hi the equivalent stage in the pig (fig. 33) .

A feature of the histological appearance of the membranous area in the pig embryo
is also shown in figure 57; this is the marked adherence of the coagulated albumen

of the cerebro-spinal fluid to the area membranacea superior.

The roof of the fourth ventricle in the human embryo is subjected to the same

factors causing changes in the form and relationships which were commented upon

*Measured on the slide after mounting.
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in the pig; but these play little part until the chorioid plexuses become of sufficient

size to divide the ventricle into a superior and inferior portion. In the human
embryo, as in the pig, the superior half of the ventricular roof is sacrificed to the

greater growth of the cerebellum.

In human embryos of 17 mm., however, these factors have not begun to influ-

ence the membranous area. This is shown in figures 58 and 59, photomicrographs
from embryo No. 576. The section is somewhat to the side of the midline, but in

the superior portion of the roof of the fourth ventricle the differentiated membra-
nous area can be made out. The sharp delimitation of this area from the denser

typical ependyma on both sides is quite apparent. The ragged character of the

ventricular border, with its few elongated spindles, seems wholly in keeping with the

transverse view of this area afforded by figure 37.

Embryo No. 576 exhibits one characteristic of the area membranacea superior

very frequently seen in human embryos, but almost invariably absent in these stages

in the pig. Along the lateral margins of the superior membranous area are dense

borders of the many-layered epithelial-like cells which lined the ventricular roof in

younger stages. This feature is well shown in figures 60 and 61, the latter figure

being a higher magnification of the former. The cellular border of the superior area

reaches transversely only through a few 15-micron sections, but it extends throughout
the whole cephalo-caudal diameter of the area. It seems likely that this represents

purely a survival of the epithelial-like cells in the younger embryos. In rarer

instances the whole area membranacea superior may be surrounded by such a border

of many-layered cells, but even in these cases the superior and inferior margins
are quite thin.

No apparent agencies favoring the disappearance of the superior membranous
area in the roof of the fourth ventricle of the human embryo are apparent in stages

up to the fetus. Thus, in human embryos of 18 mm. this differentiated area in

the roof has reached its maximal differentiation. A section from an embryo of

this size (embryo No. 409) is reproduced to show the distortion and its influence upon
the topography of the area membranacea. The two photomicrographs (figs. 62 and

63) show the extreme collapse and distortion of the roof of the fourth ventricle. In

the figure of higher power (No. 63) the membranous area appears facing poste-

riorly, due to the shrinkage; the proper leader runs to this area. It shows the differ-

entiation from the adjoining typical ependyma which is characteristic of the fully

developed area membranacea superior.

In a beautifully preserved and sectioned human embryo of 21 mm. (No. 460)

in the collection of the Carnegie Institution of Washington the area membranacea

superior appears as a sharply delimited area (figs. 64 and 65). These figures give

a very good idea of the definiteness of the area when the fixation and dehydration

approach the perfect. The tissue of this membranous area lining the ventricle

here appears to be wholly lacking in an epithelial covering; the mesenchyme seems

to serve as the ependymal lining. Study of this area, however, through different

stages argues most strongly against such a view.
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The process of regression of the area membranacea superior in the human

embryo differs somewhat from that described in the pig. This alteration in the

mode of disappearance is largely due to the fact that in the period of growth
from 20 to 35 mm. the superior portion of the roof of the fourth ventricle in the

human embryo is not sacrificed to the cerebellar lips; for in the human the cere-

bellum grows largely into the fourth ventricle, enlarging beneath the superior part
of its roof. Thus, the attachment of this part of the roof is not greatly interfered

with by the rapid development of the cerebellum. The total extent, then, of the

superior portion of the roof is hardly altered in these stages in the human, while

in the pig embryo the roof is shortened by its attachment to the inferior portion
of the cerebellar lip, which retains its earlier characters. These differences in the

relationship of the superior portion of the ventricular roof in human and pig embryos
may be seen by comparison of figures 74 and 89.

Another factor which renders the mode of disappearance different in the two

embryos concerns the greater tufting and development of the chorioid plexuses of

the fourth ventricle in the pig. This greater size and complexity of the plexus
causes an encroachment upon the roof structures which, in the pig embryo, seems
of considerable importance in the final closure.

In the human embryo, however, it has been found very difficult to explain the

final disappearance of the superior membranous area on the same mechanical

factors which seemed so well to account for its transitory characters in the pig; but

at approximately the same stage of growth the process of regression occurs in the

human fetus. The area maintains a fair size in stages up to a length of 23 mm.
Thus, in figures 89 and 90 (No. 453 of the Carnegie collection) a sagittal section

from a human fetus of this size is illustrated. In the higher power (fig. 90) the

superior membranous area is shown, rather sharply delimited on its superior border

by the typical, dense ventricular ependyma. Below, its edge is irregularly formed

by the deeply staining ependyma over the imagination of the chorioid plexus. The
cell-character of this area resembles that shown in the photomicrographs from the

specimen of 21 mm. (figs. 64 and 65). There is left in the area no indication of the

cellular architecture which characterized the original ventricular ependyma; the

cells with their elongated cytoplasmic processes here have the oval nuclei which are

found almost invariably in this membranous area.

In the human fetus of 26 mm. (No. 1008 of the collection of the Carnegie
Institution of Washington) there is but slight evidence of a superior membranous
area in the upper portion of the roof of the fourth ventricle. The evidence present
in this specimen consists in a localized thickening of the lining cells of the ventricle

in the situation of the area in other stages. This thickening is illustrated in figures

91 and 92; it consists of several layers of epithelial-like cells, similar in all respects

to the many-layered border shown in figure 83. The picture is somewhat obscured

by the vascular plexus directly beneath the ventricular lining.

There is difficulty in determining exactly when the last evidences of the supe-
rior membranous area in the roof of the fourth ventricle may be found. This is
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due to the likelihood of artifacts disturbing the character of the ventricular lining

in human material, where the freshness and fixation of the specimen may not be

ideal. In the larger specimens in the collection of the Carnegie Institution, which

are well fixed and sectioned, the existence of the area membranacea superior could

not be wholly verified. Thus, in specimen 405 (26 mm.) the presence of the area

seemed probable though not definite. In another embryo of this same size (No. 782)

the existence of this area was still more questionable. In a larger embryo (30 mm.,
No. 75) the presence or absence of the area could not be assured; many indications

suggested its existence, but the resemblance to an artificially separated ependyma
was strong. In all specimens of human embryos of over 30 mm. examined, no evi-

dence of the area membranacea superior could be found. It appears likely, then,

that the final disappearance of this differentiated area in the roof of the fourth ven-

tricle occurs at a slightly earlier stage in the human embryo than in the pig.

The final disappearance of the area membranacea superior in the human embryo
is not accompanied by the same ingrowth of typical ependyma that characterizes

the process in the pig. There is a great tendency, in the human, as indicated in

figure 92, for a replacement of the area by the same type of epithelial-like cell which

comprised the whole ventricular roof in the earlier stages (fig. 41) and later formed

lateral borders for the superior membranous area (fig. 83). Thus, in a human

embryo of 24 mm. (No. 632 of the Carnegie collection) there is evidence of a very

small membranous area surrounded by a border of epithelial-like cells. In a slightly

larger specimen (No. 840, 24.8 mm.) the whole membranous area is occupied by the

epithelial-like cells. The frequent association of these cells with the area indicates

that in disappearing the area membranacea is probably replaced first by these cells,

which in turn disappear, so that the whole roof is finally composed of the typical,

densely staining ependyma.

THE AREA MEMBRANACEA SUPERIOR IN OTHER ANIMALS.

In order to ascertain whether the area membranacea superior existed in other

animals examinations of serial sections of the rabbit, cat, sheep, and chick of suitable

stages were made. All of these animals were found to possess a differentiated area

in the roof of the fourth ventricle.

Opportunity was afforded for the study of serial sections of the head of a chick*

of 121 hours' incubation. The head was carefully dehydrated and embedded by
Dr. E. R. Clark, and was subsequently sectioned by Dr. C. R. Essick. The material

was beautifully fixed and dehydrated, showing practically no evidence of shrinkage.

Typical portions of the superior membranous area are reproduced in figures 66, 67,

68, and 69. Figure 67, taken near the crown of the embryo and representing the

squared area in figure 66, shows the two dense masses of ependyma separated by the

more lightly staining area membranacea. The cellular character of this differen-

tiated zone resembles more thehistological features of the similar area in the pig than

those of the human embryo. This resemblance is also to be seen in figure 69, taken

*This chick measured 14 mm. in 40 per cent alcohol.
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more posteriorly than the two preceding figures. The dense ependyma approaching
on both sides is sharply delimited at the edge of the broad membranous area. This

is composed of cells having elongated, chromatin-poor nuclei, and long cytoplas-

mic processes, which form the ventricular roof. The adherence of the albuminous

coagulum occurs here also.

In the rabbit the occurrence of the superior membranous area was verified as

in the other species studied. In a rabbit embryo of 13 mm. (series x in the embryo-

logical collection of this laboratory) the area was well differentiated from the sur-

rounding typical ependyma. The cells of the area resembled those of the adjacent

mesenchyme. The ventricular surface was roughened by the projection of num-
erous protoplasmic processes. An albuminous coagulum was attached to the cells

of the membranous zone.

One sheep embryo from the collection of this laboratory was also studied. The

sections, although labeled as an embryo of 10 mm., resembled in every wa.y a pig

embryo of 18 mm. The area membranacea was easily identified in the roof of the

fourth ventricle
;

it is similar in every respect to the same area in the pig and the

human embryo.
In a cat embryo of 10 mm. a small but highly differentiated area membranacea

superior was made out. The most striking feature in this specimen is the great
adherence of the coagulated albumen to the cells of the area and the resemblance of

these cells to the mesenchymal elements adjacent. The edges of this differentiated

area are sharp and clear-cut.

No attempt was made to identify the area membranacea superior in other

animals as further suitable material was not immediately available. The chief

study has been made on pig embryos and on human embryos. The occurrence of

the area in the cat, sheep, and rabbit probably indicates its existence in all mammals.
The finding of such an area in the chick is also suggestive.

GENERAL CONSIDERATION OF THE AREA MEMBRANACEA SUPERIOR.

The occurrence of a definite area of differentiation in the superior portion of the

roof of the fourth ventricle has been pointed out in preceding subdivisions of this

paper. It has been described in detail in the pig embryo and in the human embryo;
it has been identified also in cat, sheep, rabbit, and chick embryos. It remains here

to discuss the general characteristics of this area.

No description of such an area of differentiation in the ventricular roof has

been found in the literature. It may be that the distortion of this structure in

the course of the usual embryological technique has rendered its discovery less

likely. His'25)
,
in his description of the ventricular roof, has not commented upon

the occurrence of this membranous area, even though in a retouched photomicro-

graph of his fetus C-l (a human specimen, of the beginning of the third month) the

area membranacea superior can be made out. Likewise in his description of the

plica chorioidea he fails to mention any differentiated areas in the roof, although

plate i, in his
" Die Entwickelung des menschlichen Rautenhirns, von Ende des ersten
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bis zum Begiiin des dritten Monats," shows a slight irregularity in the roof. Prac-

tically all of the contributions to the anatomy of the roof of the fourth ventricle

deal with the lower half of the structure, with particular reference to the occurrence

of the foramen of Magendie.
The general biological process involved in the formation of the area membra-

nacea superior concerns a differentiation of the epidermal elements which line the

ventricular cavity. This differentiation, both in human and in pig embryos, first

begins with the occurrence in the ventricular roof of an area of epithelial-like cells.

These, in the course of enlargement of the roof, become more or less isolated in the

superior portion of the structure, and then undergo a metamorphosis into the typical

cells of the membranous area. They are characterized by oval or elongated nuclei

(rather poor in chromatin as compared with the nuclei of the typical ependymal

elements) and by cytoplasmic strands (in which the cell-boundaries are very poorly

marked) which compose the ventricular border. The ventricular surface in the

area membranacea is more ragged and irregular than where lined by typical epen-

dyma. In many instances, as in figure 57, from a human embryo of 14 mm., this

transformation has proceeded to such an extent that the epithelial character of the

lining cells is almost wholly lost, and the ventricle seems, in this area, to be lined

by mesenchyme. Study of the membranous area in many stages convinces one

that such an hypothesis is untenable; in every case the ventricle must be considered

as being lined by epidermal elements, no matter to what extent the process of differ-

entiation has proceeded. There is no real evidence to support the view that the

ependymal lining of the ventricle has been replaced by mesenchymal elements to

form the area membranacea superior.

In general the area membranacea superior is a rounded oval. Its measurement

is quite difficult except when fixation and dehydration have been excellent, because

of the highly abnormal distortion of the ventricular roof which frequently occurs in

the technically poor specimens. Measurements have been made in a considerable

number of favorable specimens, both of human and pig embryos. With the history

of this area in mind, it will be realized that the size of the structure necessarily varies

with the length of the embryo, attaining its greatest dimensions at about the length

of 18 or 20 mm. Herewith is a short table of the measurements taken.

Dimensions of area membranacea superior.

Species.
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holds. The measurements given above were taken from mounted sections and are

probably somewhat disturbed by the histological technique which was followed.

The borders of this oval area membranacea are usually fairly regular and

smooth, but in some instances they are irregular, due to the fact that small exten-

sions of the area run into the bordering ependyma. These extensions are more

commonly met with at the stage when the area has reached its maximum size,

as in figures 38 and 39, photomicrographs from an embryo pig of 19 mm. The

higher power of these two photographs shows two areas in the smoother ependymal
wall. These are extensions of the area membranacea, and within a section or two

directly connect with the differentiated area. Both of these small spots on the

circumference resemble technical errors; their ragged appearance, the relative exca-

vation of their surface, and the intact ependymal borders would seem to encourage
such a view; but when considered in connection with the character of the whole

area membranacea they assume a definite relationship in this regard. Other similar

areas, rather rare in occurrence, are found separated entirely from the main area

membranacea. These isolated areas are of the same size as those shown in figure 39.

In significance and character they are probably identical with the larger area mem-
branacea superior.

Most of the general features of the area membranacea superior have been com-
mented upon in descriptions of the various stages of differentiation in both pig and
human embryos. The characteristics most commonly observed concern the dif-

ferentiated character of the cells of the area, the sharp borders of the typical epen-

dyma, the ragged ventricular surface throughout the whole extent, and the peculiar
adhesion of the albuminous coagulum from the embryonic cerebro-spinal fluid

1 to the

lining cells. The area membranacea superior should be considered, then, as a transi-

tory focus of differentiation of the typical ependymal lining of the roof of the fourth

ventricle.

AN UNDESCRIBED AREA IN THE INFERIOR PORTION OF THE ROOF OF THE FOURTH
VENTRICLE.

With success attending the effort to find in the superior portion of the rhombic
roof an anatomically differentiated area which would furnish a morphological basis

for the physiological phenomenon of the extraventricular passage of the cerebro-

spinal fluid, attention was necessarily directed to the inferior portion of this roof

(considering the whole roof structure to be divided by the chorioid plexuses). The

spread of the replaced injection fluid (fig. 4) into the periaxial tissues through two

points in the roof of the ventricle suggested a study of this stage (pig embryo of

18 mm.) as the basis of the investigation. As a histologically differentiated area in

this inferior portion of the roof is easily made out, the complete history of the area

will be given chronologically. It has been termed the "area membranacea inferior

ventriculi quarti," the terminology being based on the same physiological and
anatomical features which led to its adoption in the case of the analogous area in the

upper portion of the roof.
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THE AREA MEMBRANACEA INFERIOR IN THE PIG EMBRYO.

The inferior portion of the fourth ventricle shows no evidence of a differentiation

from the typical lining ependyma until the length of 15 mm. is reached. In this

development consideration must be given to the factors concerned in the process.

It will be recalled that in the younger embryos, both pig and human, up to and

including a length of 9 mm. the whole roof of the ventricle is occupied by the epi-

thelial-like cells. With rapid growth of the medulla and corresponding enlargement

of the fourth ventricle the roof becomes elongated and widened. This process

results in the isolation of the area composed originally of the epithelial-like cells and

the subsequent formation of the superior membranous area. The epithelial-like

cells remain in the superior portion of the enlarged ventricular roof, while the whole

inferior half is composed of the densely staining, typical ependyma. The division

of the roof by the laterally developing chorioid plexuses becomes evident in pig

embryos of 14 mm. At this stage the whole inferior portion shows a ventricular

lining composed of the typical ependyma.
The first indication of a differentiation in this inferior half of the roof was found

in a pig embryo of 15 mm. This is illustrated in figures 70 and 71. The sagittal

section from which these photomicrographs were taken is near the mid-line of the

embryo, as is indicated by the partial section of the central canal of the spinal cord

(fig. 70). The division of the ventricular roof into two parts is also indicated in

figure 70 by the imagination of the chorioid plexus. The squared area in the lower

half is reproduced in figure 71 under higher magnification; here the first evidence of

an ependymal differentiation is observed. The dense line of the typical ependyma

appears from both sides, but in the center of this ventricular lining a small area of

differentiation is seen. This area, isolated by the abruptly terminating pyknotic

ependymal elements, is composed of two or three layers of less deeply staining cells.

The nuclei are round, rather larger than those of the adjacent mesenchyme, and

contain little chromatin. The cytoplasm stains fairly well with eosin and is not

scanty in amount. The cells resemble those epithelial-like elements which so

largely make up the ventricular roof in the earlier stages. No albumen is found

near this point of differentiation, although the whole ventricular cavity is filled with

the normal amount. In figure 70 the marked zone of the area membranacea superior

may easily be seen.

After this initial indication of a differentiation in pig embryos, the further dif-

ferentiation of the tissue proceeds but slowly until the length of 18 mm. is attained.

Thus, in a similar specimen from an embryo pig of 18 mm. the area of differentiation

is not greatly increased in size. This is shown in figures 72 and 73. In the higher-

power figure (fig. 73) both the superior and inferior membranous areas can be made

out by the attachment to these areas of the protein coagulum of the ventricular

cerebro-spinal fluid.

In the higher-power figure (fig. 73) of the squared area from figure 72, the area

membranacea inferior shows the same character as exhibited by the specimen of

15 mm. (fig. 71). The opening maintains the same approximation to the lateral lip
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of the medulla, but the area is larger and the histological character more nearly

approaches the permanent feature of the tissue. The nuclei in this zone are paler

than those of the adjoining ependymal elements and contain less chromatin. The

cytoplasm is not scanty, nor is it very abundant in amount. The area is also

characterized by the occurrence of the cells in a layer, two or three cells in thickness.

In view of the very slow differentiation of the area membranacea inferior in the

growth of the embryo from 15 to 18 mm., the enormous enlargement of the region

within the next few millimeters' growth is very astonishing. This period, as has

been pointed out, is a critical one in the extension of the embryonic cerebro-spinal

fluid from a ventricular to a periaxial relationship. Apparently, in the course of

the embryo's growth during these next few millimeters the whole inferior roof of

the ventricle undergoes a transformation and enlargement, so that the differentiated

area membranacea comes to occupy practically the whole inferior half of the roof.

This portion of the roof, persisting, enlarging, and suffering no extension of nervous

tissue upon it, becomes the tela chorioidea inferior.

The rapid differentiation of the whole inferior half of the roof of the fourth

ventricle is a very interesting process. Apparently the typical ependymal ele-

ments, visible on both sides of the membranous area in figure 73, undergo a very

rapid alteration, so that in the course of a few millimeters' growth the cubical lining

of the ventricle is replaced by a low-type cell, with round or oval nuclei, staining

much less densely than do the ependymal elements. The whole area membranacea

rapidly becomes a membrane in the true sense of the word; it is a continuous, intact

layer of cells, generally only one cell in thickness, closing in the fourth ventricle

from the chorioid plexus above and the bulbar lips on the sides.

The general characteristics of this transformation are seen in figures 74 and 75.

These photomicrographs are taken from a sagittal section of a pig embryo of 23 mm.
On one side of the sharply delimited membrane shown in figure 75 is a tongue of

nervous tissue of the medulla; on the other is the differentiated ependyma of the

chorioid plexus; between these two structures stretches uninterruptedly the area

membranacea inferior. The flattened cells of the membrane, with their oval nuclei

and almost continuous cytoplasm, effectually close the whole ventricle. The pho-

tomicrograph also shows an interesting characteristic of this membranous area

which is universally present in the larger forms; this is the relatively unsupported

character of the membrane. The highly vascular mesenchyme posterior to the area

has gradually developed, during growth, larger and larger interstices between the

cytoplasmic processes. The phenomenon is not due to shrinkage, but is intimately

connected with the formation of the future cisterna cerebello-medullaris. This

phase of the mesenchymal differentiation will be more fully considered in an appro-

priate section of this paper. It will suffice here merely to record the lack of support

of the membrane.

Another phenomenon of importance in the cerebro-spinal fluid relationships of

this stage is shown in figure 75. In the mesenchymal spaces directly beneath the

membranous area there is a large amount of albuminous coagulum. This phenome-
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non does not occur to any appreciable extent in earlier stages or in other parts of

the mesenchyme, except about the nervous system. The close association of the

coagulum from the ventricular cerebro-spinal fluid with the inner border of the area

membranacea (shown in figure 75 as a slight roughening of the border) is of very

great significance in this connection. In one point in the membranous area (fig. 75)

the albumen can be traced almost without interruption from the ventricle into the

wide spaces of the mesenchyme (cf. fig. 8). This observation strongly suggests that

the embryonic cerebro-spinal fluid, which is rich in protein material, is passing, in

this stage of embryonic growth, from the ventricle into the periaxial mesenchyme;
and such an interpretation becomes established by the comparative findings in the

embryo of the same stage in which a replacement of the cerebro-spinal fluid by the

ferrocyanide solution had been effected. These comparable findings are surely of

the utmost importance for the final solution of the problems centering about the

embryonic cerebro-spinal fluid.

In the later stages of development of the area membranacea inferior in the pig

embryo the same structural relationships persist that are shown in figure 75.

Figures 76 and 77 are photomicrographs taken from a sagittal section of a specimen
of 32 mm. In the enlargement of the squared area, from the first of these figures,

the continuity and completeness of the membrane are well established. The photo-

graph shows well the flattened character of the cells comprising the membrane and

its sharp differentiation from the nervous tissue and ependyma below and from the

ependyma and chorioid plexus above. Most important in this case is the distribu-

tion of the albuminous coagulum. Within the ventricular cavity this appears in

considerable amount, and in several places it is in close adhesion to the lining area

membranacea. This albuminous precipitate may likewise be traced in some places

apparently through the cellular membrane into the periaxial spaces. For here, as

indicated in figure 75, the clotted albumen from the cerebro-spinal fluid apparently

exists in large amounts in the space just posterior to the membrane the future

cisterna cerebello-medullaris. Delicate strands of mesenchyme are still observed

running through the wide space, but in general the whole tissue has returned to the

line of the future arachnoid. The relative lack of substantial support of the mem-
brane is well brought out in figure 77. A characteristic feature of this membrane,
which Blake (3) has championed, and which is indicated in figures 76 and 77, is the

posterior bulging of the roof "the caudal process like the finger of a glove."

Another section from the same pig embryo, taken more laterally, is represented

in figures 78 and 79. In the photomicrograph of higher power the flattened char-

acter of the lining cells, the intactness of the membrane in isolating the ventricular

cavity, the unsupported freedom of the membrane, and the relation to the albumen

coagulum on both sides are of particular interest.

The ultimate fate of the area membranacea inferior will not be more fully

entered into until the early history of the similar area in the human embryo has been

detailed. For in this connection the occurrence of the foramen of Magendie requires

discussion, and it seems best to delay the further consideration of the present topic

until the whole question can be reviewed.
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THE AREA MEMBRANACEA INFERIOR IN THE HUMAN EMBRYO.

The same process in the formation of an area of differentiation in the inferior

portion of the roof of the fourth ventricle may also be followed in the human
embryo. Unfortunately, however, human embryological material can rarely be

subjected to the immediate fixation and preservation which yield excellent histo-

logical results in the more plentiful specimens. It does not seem strange, therefore,

that the determination of the exact stage at which an area of differentiation can be

made out in the ventricular roof should be practically impossible; for, in poor tech-

nical procedures, the roof of the fourth ventricle suffers almost more than does any
other portion of the specimen.

In a human embryo of 13 mm. (No. 695 in the collection of the Carnegie Insti-

tution of Washington) there is slight evidence of a differentiation in the lower por-
tion of the rhombic roof. The changing character of cells in this specimen is not

marked, but as the central portion of this inferior roof is reached the ependymal
cells seem to assume gradually a more cubical morphology. Associated with this

change in shape, there is also a slight loss of the deeply staining character of their

nuclei. The whole differentiation, however, is slight and would be commented upon
only from the conception of this area in the pig embryo.

The first definite evidence of differentiation in the inferior portion of the ven-

tricular roof was found (specimen 390 in the Carnegie collection) in a human
embryo of 15.5 mm. This initial differentiation occurs, then, in the human embryo
of approximately the same length as in the pig. The specimen showed the same

change in character of the lining ependyma as was found in the pig. The deeply

staining ependymal elements are replaced in a limited central area in the inferior

portion of the roof by cells with more elongated nuclei, poorer in chromatin, and

resembling somewhat the epithelial-like cells which early filled the ventricular roof.

These cells tend to compose a layer of more than one cell in thickness a feature

particularly noticeable in the peripheral portions.

The size of the area membranacea inferior observed in specimen 390 suggested
that the earliest evidence was probably to be observed in somewhat smaller speci-

mens. This could not, with the material at my disposal, be verified, but it is prob-

ably safe to assume that the first signs of an ependymal differentiation will be found

in human embryos of about 15 mm. This time of appearance of the area in the

human would coincide with its time of primary differentiation in the pig embrj^o.

In this limitation of the first appearance of the area membranacea inferior, the

standard has been an unmistakable differentiation of ependyma and not an isolated

change of a lining-cell or two which might have been the result of the technical

procedure. Such a criterion was necessitated by the very marked changes in the

ventricular borders observed in specimens in which distortion of the chorioidal roof

had occurred.

The area membranacea inferior very rapidly increases in extent after the onset

of the process of ependymal differentiation. This was likewise observed in the pig

embryo, although perhaps more stages could be made out. In a human embryo of
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16 mm. (No. 406 of the collection of the Carnegie Institution) the area membranacea
inferior is quite extensive, as is shown in figures 80 and 81. In the photomicro-

graph under higher power (fig. 81) the densely stained ependyma approaches the

membranous area (ami) as tongue-like processes from above and below. These tips

gradually lose their dense character and are prolonged as a delicate membrane,
lining, in this localized area, the ventricular cavity. The nuclei of the cells here are

not heavily laden with chromatin; they are oval and somewhat larger than the

more densely packed nuclei of the typical ependymal element. Unfortunately, the

middle portions of the membranous area in this specimen are surrounded by extrav-

asated red blood-cells obscuring somewhat the structure (fig. 81). The process,

though, of the differentiation of these ependymal elements into paler and larger

epithelial-like cells is quite apparent.
As in the pig, the tendency of the differentiated ependymal cells forming the

area membranacea inferior to lose in some degree their distinctive appearance and
to approach in character the undifferentiated mesenchymal element is apparent in

the human embryo very shortly after the original steps in the process of differen-

tiation have occurred. Photomicrographs from two human embryos of 17 mm. have

been included to show this phenomenon. Thus, in figure 88, an enlargement of the

blocked area from figure 58, the area membranacea inferior (ami) is well defined.

The sagittal section from which this photomicrograph was taken is from embryo
No. 576, in the Carnegie collection. Above and below the dense line of ependyma
may be made out; this tapers quite abruptly, to be succeeded by the cells of the area

membranacea inferior. These cells, products of ependymal differentiation, have

lost much of their epithelial-like appearance; they now show rather small, oval or

rounded nuclei, poor in chromatin. The cytoplasm of the cells is small in amount,
but not disproportionate for the size of the nucleus. The ventricular border of

these cells (fig. 88) exhibits a rather characteristic phenomenon, the adherence of a

slight albuminous coagulum. The fine processes of this coagulum fusewith the cyto-

plasmic borders of the cells and render these borders vague and indefinite. Beneath

the cells of this inferior area small vascular channels may be made out. These tend

to make the membrane appear denser than its cellular character warrants.

In another section from this same embryo (No. 576) the inferior membranous

area is shown in relation to the tufted chorioid plexuses (figs. 82 and 83). In the

reproduction under higher magnification (fig. 83) the ependymal lining may be traced

caudalwards to a gradual fusion into the area membranacea inferior. From the

rather high cubical cells in the immediate proximity to the plexuses the ependymal
elements become reduced in size and in height, and then rather abruptly the pyknotic

character of the ventricular lining is lost. This loss of the deeply staining character

coincides with the superior border of the area membranacea inferior (ami). The

membrane of this area shows the same cell-character as already described for this

embryo. On the superior side of the plexuses (fig. 83) the lateral border of the area

membranacea superior (ams) is shown composed of epithelial-like cells.
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The apparent tendency of the cells composing the inferior membranous area

to lose the epithelial-like character, as shown in the figures from embryo No. 576, is

not an invariable phenomenon. Rather is an aggregation of epithelial-like cells met
with in human embryos very commonly in this area, not only in embryos of small

size, but also in small fetuses. This phenomenon is illustrated in figures 84 and 85,

reproductions of photomicrographs from a human embryo of 18 mm. (No. 409 in the

collection of the Carnegie Institution). In figure 85 the total transverse extent of

the area membranacea inferior (ami) is illustrated, with the villous chorioid plexuses

appearing to the left. Although this membranous portion of the embryo has been

distorted somewhat by the technical procedures to which the specimen was sub-

jected, the cellular character of the membranous area is well indicated. The most

striking feature, apart from the characteristic tinctorial differentiation from the

typical ependymal elements, consists in the marked clumping of the cells in certain

parts of the membrane. On one lateral extent the membrane is thickened into a

bulbous swelling several cells in thickness. These cells have palely staining nuclei,

poor in chromatin, with an oval or round form. In other places in the membrane
smaller but no less characteristic clumps of similar cells may be made out. Between
these cellular aggregations the membrane stretches in a continuous line with but few

nuclei.

Analogous clumps of cells, with pale, rounded or oval nuclei, may be made out

in figures 86 and 87, taken from a human embryo of 19 mm., No. 431 in the collec-

tion of the Carnegie Institution. Only a small portion of the membrane is repro-

duced in the figure under higher magnification, but a characteristic clump of epithe-

lial-like cells (epc) is shown. These cells of the differentiated ependyma here again

have oval and rounded nuclei, poor in chromatin, similar to those which have been

pointed out many times in the foregoing pages. A second broadened area in the

inferior membrane is also shown in figure 87.

The further development of the area membranacea inferior proceeds in the

human embryo in a manner very similar to that described for the pig. In the stages

but slightly above those already described the differentiation goes on slowly, but

within a few millimeters the cellular pictures resemble those given for the embryo of

17 mm. (figs. 82, 83, and 88). The cellular clumps which appeared quite frequently

in the embryos under 20 mm. have not been found in the larger forms. Thus, in an

embryo of 23 mm. (No. 453 in the collection of the Carnegie Institution) the inferior

membranous area (ami) appears as an extensive membrane comprising almost

wholly the inferior portion of the chorioidal roof. The membrane is here of a single

cell in thickness; these cells are rather small, with oval nuclei, simulating in some

measure those of the surrounding mesenchyme. The most interesting phase of the

membranous area at this stage of 23 mm. concerns its completed cellular differen-

tiation and its rather slow increase in size.

Wholly similar pictures of the inferior membranous area of the roof of the

fourth ventricle are afforded by a human fetus of 26 mm. (figs. 91 and 92). These

photomicrographs were taken from embryo No. 1008 in the collection of the Car-
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negie Institution. In this specimen (fig. 92) the fourth ventricle seems almost to

lack a lining of ependymal (epidermal) elements in the area membranacea inferior

(ami). The cells of this area are small, inconspicuous in their distinctions from the

underlying mesenchyme. The whole character resembles that of the superior area

membranacea shown in figure 57.

The appearances exhibited by the inferior membranous area in the stages above
26 mm. are modified in great part by the development of the great cisterna cerebello-

medullaris. As in the pig, the breaking-down of mesenchyme to form this cistern

results finally in the almost total isolation of the inferior membranous area. The
cistern is fairly rapidly formed when once the process begins, and so in an embryo of

35 mm. (No. 199 in the Carnegie collection) the isolated character of the area mem-
branacea inferior (ami) may be easily made out. This is shown in figure 94, an

enlargement of the blocked area in figure 93. The general architecture of the mem-
brane, particularly its intact character, appears in this photomicrograph, but its

finer structure is obscured by the albuminous coagula which adhere on both sur-

faces. The cell structure of the area membranacea resembles closely that described

in the embryos already pictured.

Discussion of the final disposition of the area membranacea inferior will be

undertaken in the following subdivision of this paper, in order that the findings in

the pig and in the human embryo may be correlated.

GENERAL CONSIDERATION OF THE AREA MEMBRANACEA INFERIOR.

The ependymal lining of the caudal portion of the roof of the fourth ventricle

undergoes a process of differentiation which results in the formation of the area

membranacea inferior. This transformation has been observed in pig and human

embryos; in both, the first definite evidence of the cellular change has been observed

in specimens of 15 mm. The essential phases of the process are identical in the

two embryos. The tendency of the deeply staining typical ependymal elements is

to lose their highly pyknotic character; the nuclei become poorer in chromatin

and the cytoplasm somewhat more abundant. In the first stages of the metamor-

phosis the lining cells come to assume epithehal-like appearances, but in the final

change the nuclei become small oval bodies, poor in chromatin, resembling to some

degree the nuclei of the adjoining undifferentiated mesenchyme. In the human

embryo, a tendency for the epithelial-like characters to persist in isolated cellular

aggregations is apparent.

After the initial process of differentiation has begun, the area membranacea

inferior increases rapidly in extent and the differentiated cells which characterize

it come to occupy the greater portion of the caudal part of the chorioidal roof. In

the somewhat later stages the area membranacea is almost wholly unsupported by
other tissues, due to the development of the cisterna cerebello-medullaris. As soon

as the cistern forms, the area membranacea serves as practically the sole dividing

membrane between the ventricular system and the future subarachnoid spaces.
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The ultimate fate of this area membranacea inferior is necessarily involved in

the distribution of the tela chorioidea inferior. Likewise it necessitates a discussion

of the possible formation of the so-called foramen of Magendie and its mode of

origin from the "caudal process" of Blake. It is proposed to discuss briefly some
of these questions in the hope that some phases of the problem may be brought forth.

It must be clearly understood that the questions of the ultimate fate of this

area membranacea inferior probably differ considerably in the different species of

mammals. In the horse and in the pig the absence of the medial foramen (Magendie)
is fairly well established, but in man its existence seems to rest on equally firm

grounds. While, primarily, this investigation has not been concerned with the

possible existence of the foramen of Magendie, the question has been presented many
times in regard to the pig and human embryos examined.

As far as can be determined, no descriptive study of the development and

differentiation of the inferior portion of the rhombic roof has been published.

HeuserY23 ' studies on the form of the cerebral ventricles of the pig have afforded a

very good conception of the gradually changing relationships in this region. Hess^22 '

has devoted attention to the histological appearances of the inferior roof in the

embryo. One of his interesting observations concerns the caudal portion of the

rhombic roof in a fetal cat of 10 cm., where he noticed a very sudden interruption
in the epithelial lining of the ventricle, with a complete closing by a fibrous net.

This description by Hess is the only comment upon the histological appearance of

the ventricular roof that has been found. His^25 ) pictures, without comment, in a

retouched photomicrograph, a differentiated area in the proper situation in his

fetus C-l (beginning of the third month).
The many writers in embryology have commented upon the roof of the fourth

ventricle. Minotf40
), in 1892, stated regarding it:

"Several writers have thought that the membrane was broken through at several

points, but it probably is really continuous throughout life. The fourth ventricle is to

be regarded, then, as an expansion of the central canal permanently bounded by the

original medullary walls."

Kollman^32 ', on the other hand, advances the view that during the third month
the rhombic roof is broken down to form the foramen of Magendie and the two

foramina of Luschka. Streeter^54 ), in his chapter on the development of the nervous

system in the Keibel-Mall Handbook of Embryology, advances a similar view. The

majority of investigators to-day incline to the belief that the roof of the fourth ven-

tricle in man is perforated to form the median foramen of Magendie.
Hess(22) has advanced a conception of the foramen of Magendie that is sup-

ported by numerous observations. To test Kolliker's statement that the fourth

ventricle remained closed during human embryonic life, Hess sectioned the region

in human fetuses, new-born infants, and in adults. The lengths of the fetuses cut

were as follows: 7, 12.5, 15, 16, and 17 cm. In the 47 cases the roof showed a

medial opening (Magendie), except in one case, in which it was closed by a "thin

pial membrane." Hess's conception of the process of formation of this membrane
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was that in early embryological life the rhombic roof was bordered by a regular,

meshed tissue. Later the small meshes in this tissue fused to form the larger fora-

men of Magendie.
Blake's^ hypothesis of the formation of the medial foramen has been quite

extensively quoted in the more recent publications on this subject. In a study of

the chorioidal roof Blake found a caudal bulging of the inferior velum; this out-

pouching became more and more extensive in the older embryos. In man this

pouch became sheared off at its neck, leaving the foramen of Magendie.
In addition to the few studies referred to above, there have been in the past 25

years a great number of articles (notably those of Wilder^6) and Cannieu^4
)) offering

evidence that this median foramen of the fourth ventricle is an existent, functional

opening. Into this literature it is not proposed to go in the present communication;

it may be stated that in the larger part the views presented have been in favor of

the consideration of the true occurrence of the foramen of Magendie.
The material on which this study is based has been purely embryological in

type, so that no reliable data regarding the foramen of Magendie could be obtained.

But even in the largest fetuses examined, there was no evidence which indicated a

breaking-down or a shearing-off of the inferior roof of the fourth ventricle. In the

largest human fetus at my disposal, in which the histological material was good

enough to permit an accurate examination of the chorioidal roof (embryo No. 448,

52 mm. in the Carnegie collection) the area membranacea inferior appeared as an

intact membrane supported only be a few pial cells. In the pig the material at

hand has been such that accurate study of the roof could be made in specimens up
to 20 cm.

;
in all of these later fetal pigs the roof has been wholly without foramina.

If, however, in these larger stages the histological procedures have not been of the

best, ruptures and other artificial separations are very frequently found.

The area membranacea inferior, then, may be regarded as a region of ependymal
differentiation. Whether it persists as an intact membrane or undergoes, in certain

animals, a perforation to form a foramen of Magendie can not be here answered;

this study has been concerned solely with the embryology of the cerebro-spinal

spaces, and it affords no evidence in favor of or against the existence of such a fora-

men. Nor has any study been made of the two foramina of Luschka, the two open-

ings from the lateral recesses of the fourth ventricle into the subarachnoid spaces.

It can be stated, however, that these foramina are not in existence at the time of

establishment of the circulation of the cerebro-spinal fluid. This phenomenon, as

recorded in the previous section, occurs in pig embryos of 26 mm.; at this time the

lateral recesses are anatomically and physiologically closed.
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VI. PASSAGE OF FLUID THROUGH ROOF OF THE FOURTH VENTRICLE.

On pages 20 to 30 is a description of the passage of a true solution, substituted

without increase in pressure for the embryonic cerebro-spinal fluid, through the

roof of the fourth ventricle into the extraventricular or periaxial spaces. This

extension of fluid occurred in two localized areas, one in the superior half and the

other in the inferior half of the rhombic roof. Histological study of these regions

revealed a localized differentiation of the ependyma, both in the upper and lower

halves of the ventricular roof. It becomes necessary, then, to correlate, if possible,

the areas of this fluid-passage to the anatomical differentiations pointed out.

THE ACCUMULATION OF INJECTION-MASSES IN THE SUPERIOR MEMBRANOUS AREA.

It has already been recorded that the first evidence of a change in the reaction

to a replacement injection occurred in an embryo about 13 mm. long (fig. 2). This

stage was characterized by a dense collection of the precipitated granules in a

definite area in the roof of the fourth ventricle. At this stage also the area mem-
branacea superior is well differentiated (fig. 31). That the site of the granular
accumulation is this membranous area is easily proved by an inspection of figure

117, which represents an enlargement of the squared area in figure 116. In the low-

power photomicrograph the prussian-blue granules are not represented, but are

found scattered through the ventricles, with a definite collection in the posterior

region of the fourth ventricle. Under a higher magnification (fig. 117) the blue can

be traced in but small quantity along the normal ependymal lining (shown to the

left in the figure) ,
but as soon as the differentiated area (area membranacea superior)

is reached the granular material is heaped up in a dense mass, which extends as a

thickened pad into the ventricle.

The same phenomenon of the accumulation of the injection fluid in the superior

membranous area is shown in figures 112 and 113, the second photomicrograph

representing the area outlined in the first, but reproduced under much higher

magnification. In this specimen (an embryo pig) a dilute solution of silver nitrate

was injected into the central canal of the spinal cord. On histological examination

the accumulation of the silver also shown in figure 11 was found. Thus, in figure

113 the ventricular epithelium can be made out in the upper right-hand corner, while

below (in the area membranacea superior) the silver is densely accumulated.

The explanation of this phenomenon of accumulation in the superior membra-
nous area is not wholly clear. It occurs only in stages in which the histological

differentiation of the ventricular roof has proceeded to some degree and in stages

where the fluid-passage into the periaxial tissues is not wholly unobstructed. This

aggregation of the precipitated granules of prussian-blue and of the reduced silver

in a localized area certainly suggests a physical explanation, as in these cases the

physical laws of precipitation and reduction must hold. The many figures of the

superior membranous area of the ventricular roof show that in the stage under con-

sideration the cell-outlines projecting into the ventricles are rough and ragged as

contrasted with the smoother and more regular surface of the adjoining ependyma.
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Could not these roughened, irregular cell-surfaces become the site of the first and
most extreme precipitation of the prussian-blue and of the reduction of the silver?

Certainly they would serve much more efficiently as the foreign substances about

which precipitation would occur in greatest amount. This physical explanation
finds many arguments for its support in these studies.

Another explanation of the phenomenon concerns the normal flow of the fluid

and the relation of the direction of this flow to the roof of the fourth ventricle. As
has already been emphasized, it is difficult to assume that there is any marked pro-

duction of cerebro-spinal fluid before the periaxial spread occurs. Such an assump-
tion would argue against the development of any special current toward the roof of

the fourth ventricle in any stage smaller than that represented in figure 3, and would

vitiate the explanation of the occurrence of the granular accumulation shown in

figure 2 (a pig embryo of 13 mm.). In the later stages (16 mm., cf. fig. 11) this

explanation would probably suffice for the phenomenon exhibited.

THE SITES OF FLUID PASSAGE THROUGH THE ROOF OF THE FOURTH VENTRICLE.

With consideration of the evidence presented as to the accumulation of the

precipitates of the injected fluid about the area membranacea superior during
certain stages in the development of the cerebro-spinal spaces, it would seem that

the same area must be concerned in the passage of fluid from the ventricular cavities

into the periaxial tissues. This view receives support from the reproduction of a

cleared specimen (fig. 11) in which an injection of silver nitrate had been made into

the central canal of the spinal cord. The pressure employed was great enough to

force the fluid into the periaxial spaces, but the resultant picture clearly showed the

oval outline of the area membranacea superior.

The study of the passage of fluid from the ventricular to the extraventricular

spaces can best be made by simple histological serial sections. In these observations

pig embryos in which the cerebro-spinal fluid had been replaced by the compensating

device, supplying a true solution of potassium ferrocyanide and iron-ammonium

citrate, were sectioned and examined with reference to the sites of fluid passage.

The results of these studies are given here in order that the whole question of the

connection of the cerebral ventricles with the subarachnoid spaces may be discussed.

In the stage represented by figure 3 (in which fluid passes from one area in the

roof of the fourth ventricle into the extraventricular tissues) histological sections

show that the point of fluid passage is localized and concerns solely the area mem-
branacea superior. The replaced fluid (as demonstrated by the subsequent precipi-

tation of the prussian-blue) passes through this entire membranous area into the

adjoining mesenchyme. The process is wholly confined to this area; the adjoining

ependyma is entirely impervious to the ferrocyanide. This phenomenon of passage

of the replaced fluid through the superior membranous area is well shown in figures

14, 18, and 23.

The distribution of the minute granules of prussian-blue in the cells of the

superior membranous area is of importance in any discussion of the passage of fluid

through a membrane; for this area (in the superior portion of the roof of the
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embryonic fourth ventricle) must be considered as a membrane permeable in certain

degrees to the fluids bathing it. That the area membranacea is intact and does not

contain stomata or other minute foramina has been demonstrated histologically.

Further evidence of the entire lack of intercellular stomata is afforded by the distri-

bution of the prussian-blue granules precipitated in situ after the replacement of the

cerebro-spinal fluid by the ferrocyanide solution.

Figure 14 is a reproduction of the superior area from a transverse section of a

pig embryo in which the routine replacement had been made. The position of the

area is shown by the squared outline in figure 13. On both sides the impermeable

ependyma is seen, with granules of the blue adhering to the ventricular border of

the cells, but not penetrating them at all. To the left of the drawing the few epen-

dymal cells possess, beneath their central border, a chain of the granules which have

entered from the abrupt edge of the area membranacea. In the cellular border

between the two lips of the ependyma, the area membranacea superior, the passage
of the replaced fluid is easily made out by the resultant blue granules. The area

is roughly delimited by a ventricular collection of the blue granules. Examination
of these cells shows that the prussian-blue is present within the cytoplasm, avoiding
the nuclei with perfect precision. Some of the cells are rounded and almost free

from the granules; others, particularly those whose cytoplasm is elongated, are

completely filled with the granules, the nuclei standing out in a blue granular

cytoplasm.
The question of the passage of the fluid between the cells must also be answered

by the histological evidence. In the same drawing (fig. 14) in one or two places

there are indications of a slight stream of granules between the cells of the area

membranacea superior. This apparent transit of the fluid through intercellular

passages is particularly clear in the small areas where the cellular cytoplasm is

relatively free from the granular deposits. But upon careful examination of these

areas under oil immersion it is always apparent that the adjoining cytoplasm is

also involved in the granular precipitation, indicating that the cells, although almost

free from the deposit, are also engaged in the process of the fluid passage. Com-

pared to the whole area of fluid transit, the points indicative of a passage through

possible intercellular stigmata are almost negligible. It seems not unlikely that the

outlining of canals between cells may be a physical phenomenon, as in most cases

no cellular borders (as demonstrated by the precipitated granules) can be made out.

These peculiarities of fluid passage may be seen in figures 14, 18, and 23.

Consideration of all the evidence afforded by histological examinations of the

essential character of the area membranacea superior and of the passage of fluid

through it inclines one inevitably to the belief that this area functionates as a

cellular membrane. The fluid passes through it as through any permeable living

membrane. Histologically the passage is for the most part through the cytoplasm
of the cells, but occasionally an intercellular course is suggested. Both processes
are wholly compatible with the accepted view of a cellular membrane devised for

the passage of fluid through it.
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The same phenomenon of the passage of fluid from the fourth ventricle into the

periaxial spaces is beautifully illustrated in figure 23. This drawing is from a trans-

verse section of a pig embryo (23 mm. in length) in a stage when the superior mem-
branous area is rapidly being encroached upon by the developing cerebellum and by
the caudal chorioid plexuses. Between the deeply staining ependymal cells on

either side the membranous area is densely outlined by the deposition of the granules

of prussian-blue in the cytoplasm of the cells of the area membranacea superior.

The avoidance of the nuclei of these cells by the ferrocyanide is well demonstrated

in this reproduction, as is also the impenetrability of the ependymal cells. In a

specimen of this nature the question of the passage of the injection fluid through

possible intercellular foramina loses its significance; for the drawing shows clearly

the importance of considering the entire area membranacea as a functioning whole

a permeable, living, cellular membrane.

It has been shown in a foregoing section of this memoir that histologically

the area membranacea superior decreases to an almost negligible remains in speci-

mens of embryo pigs over 30 mm. long. This same rule apparently holds for its

functional importance, as determined by the relative and absolute amount of

prussian-blue granules deposited in the cells of the superior membrane. This

decrease in the functional importance may be inferred from figure 47, a photomicro-

graph from a pig embryo of 32 mm. Apparently the size of the membrane deter-

mines in large measure the amount of the replaced fluid which passes through it.

Thus far we have been concerned solely with the passage of fluid through the

area membranacea superior. In the earlier stages of from 14 to 23 mm. the

importance of the superior membrane functionally is great, but in the later stages

the inferior membrane assumes far greater significance. This is demonstrated not

only by the structural history of the two areas, but by the functional index afforded

by the replacement of the cerebro-spinal fluid by a foreign solution.

In the foregoing section the first evidence of any histological differentiation in

the inferior portion of the roof of the fourth ventricle was shown to occur in pig

embryos of 15 mm. in length. From this stage upwards (figs. 4, 5, etc.) a portion

of the inferior roof allows fluid to pass through it. The exact point of fluid passage

is the localized ependymal differentiation forming the area membranacea inferior.

This relationship is easily verified by reference to figure 18. In this drawing of a

median sagittal section of a pig embryo the two localized points of fluid passage into

the periaxial tissue are readily identified; they are quite limited in comparison to

the extent of the periaxial spread.

Figure 16 represents the inferior membranous area of the roof of the fourth

ventricle from a pig embryo of similar size (18 mm.). The histological character

of the inferior area is well shown in this drawing. It will be seen that, except in

small areas, the histological differentiation of the ependyma has not proceeded to any

great extent; the fluid from the ventricular cavity (as traced by the precipitated

granules) closely follows the points of greatest cellular differentiation. There is

no possibility of an interpretation of the findings concerned with the existence of
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intercellular stomata; the passage of fluid is here again to be looked upon as a

transit through a cellular membrane.
The same general phenomena of the passage of fluid through a localized area

(the area membranacea inferior, in the caudal portion of the roof of the fourth

ventricle) that have been observed in the superior portion of the roof are shown in

figure 18. Chief among these phenomena is the careful avoidance by the precipitated

granules of the ependymal lining of the ventricles and the adherence of the granules

to the lining walls at the points of fluid passage. The ependymal lining, except in

the two areas of differentiation, is everywhere impenetrable to the solution of the

ferrocyanide.

As the size of the embryo increases the functional importance of this more caudal

area becomes much greater (cf. figs. 3, 4, 5, and 76). The whole caudal half of the

fourth ventricle becomes an area of ependymal differentiation and of fluid passage.

It serves everywhere as a complete diffusing membrane, unbroken by the occurrence

of stomata. Through this whole membrane the replaced solutions of potassium

ferrocyanide and iron-ammonium citrate pass with apparent ease, as demonstrated

by the precipitated granules of prussian-blue (fig. 18). From stages of 24 mm. and

over, the lower membranous area is the only one of significance in the total fluid

passage.

The areas, therefore, through which the replaced solution of potassium ferro-

cyanide and iron-ammonium citrate passed, in the experimental pig embryos, are the

two areas of histological differentiation in the roof of the fourth ventricle the area?

membranacea? superior et inferior. There is no evidence whatsoever of any other

point of escape of the fluid from the ventricular system into the periaxial spaces.

The precipitated prussian-blue does not penetrate any of the lining cells of the ven-

tricle except in the two areas under consideration. Nor is any evidence afforded

by histological study of the escape of ventricular fluid through the described fora-

mina of Bichat and of Mierzejewsky.

FACTORS CONCERNED IN THE EXPERIMENTAL FLUID PASSAGE.

It becomes necessary to discuss the question of the passage of the replaced fluid

through the two cellular membranes in order to ascertain to what extent the results

obtained by the method may be relied upon. Naturally in such questions the

factors concerned in the normal transit of body-fluid through such structures must
be considered.

Probably the most essential element in obtaining reliable results in any injec-

tion is the control of the pressure at which the foreign fluid or mass is introduced.

This matter has been fully discussed in the resume of the methods employed; it is

sufficient to reaffirm here that, in these observations, the normal cerebro-spinal

tension has not been disturbed because of the use of a compensatory replacement.
Other experiments, carried out under increasing pressures of injection, have been

made, in order to compare the results with those furnished by the replacement-
method.
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Consideration must next be given to the factors of diffusion, filtration, and
osmosis in the passage of fluid through the roof of the fourth ventricle. The third

factor, however, may be largely excluded, owing to the fact that the solutions of

potassium ferrocyanide and iron-ammonium citrate employed were for the most

part practically isotonic with the body-fluids. Furthermore, the use of hypertonic
solutions apparently gave no different results (except in the increased density of the

resultant precipitate) from those obtained by the employment of the isotonic solu-

tions. Finally, it was found to be of service to use hypotonic replacement solutions

in order to obtain very slight precipitates; in these experiments also the spread of

the replaced ferrocyanide solution was similar to the standard result afforded by the

isotonic solution. These observations with varying concentrations of the foreign

solutions replacing the cerebro-spinal fluid serve to indicate that osmosis plays but

little part in the passage of fluid through the roof structures of the fourth ventricle.

Undoubtedly the factor of osmosis can not be ignored in any consideration of the

passage of fluid through a cellular membrane, but it seems unlikely that with solu-

tions of practically the same salt-content it should be of great importance.
The influence of diffusion in this passage of the solution of the ferrocyanide and

citrate from the cerebral ventricles into the extraventricular space is probably great.

The whole plan of the experiment concerns the introduction of salts foreign to the

body-fluids, even though in analogous concentrations. It seems not unlikely that

as soon as the replacement of the existent cerebro-spinal fluid is effected the ferro-

cyanide and citrate must immediately begin to diffuse out into the periaxial tissues

and the normal salts return to the ventricles. Probably, however, this same

phenomenon plays a normal role in the human body. JacobsonV27 ) extensive and

important studies on the chemistry of cerebro-spinal fluid have shown that the ven-

tricular cerebro-spinal fluid is not identical with the subarachnoid fluid. The
differences in the two fluids are probably to be accounted for by the fact that the

ventricular fluid represents the pure elaboration of the chorioid plexuses, whereas the

lumbar subarachnoid fluid is composed not only of the products of the chorioid plex-

uses but also of the fluids from the perivascular system. In this transference of the

ventricular fluid to the subarachnoid space diffusion may play some part, the rela-

tive importance of which can hardby be estimated.

But will diffusion alone account for the passage of the experimental fluid in the

ventricle through two well-defined areas into the periaxial tissues? Will diffusion

account for the varying extent of the injection in different stages of embryonic

development? There are several arguments against according diffusion a maximal

importance in the process. In the first place, an injection of the solution of the ferro-

cyanide under mild syringe-pressure will give a spread similar in every respect to

those obtained by the replacement method. This indicates that the course taken

by the two solutions is not necessarily the result of diffusion, but rather of the capa-

bilities of the tissues for fluid-spread; and similarly the passage of this true solution

through the roof areas need not be solely a diffusion process, but may be accounted

for by the true flow of the fluid in this direction. Again, in the stages represented
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in figure 2 one would expect as extensive a spread of the replacing solution into the

periaxial tissue were diffusion the active force in the movement of the fluid. Instead

of such a periaxial spread the injection fluid remains wholly within the ventricular

system, indicating that other forces than that of diffusion play an active role, in

the more advanced stages, in the movement of the fluid. Finally, if diffusion is to be

considered the sole agent in the distribution of the replacing fluid, why does not the

ferrocyanide penetrate all the cellular structures lining the ventricular cavity?

Surely it would be expected that diffusion between the body-fluids and the ferro-

cyanide solution would occur in each ependymal cell a phenomenon observed only
in the cells comprising the ventricular surfaces of the membranous areas of the

rhombic roof.

While acknowledging that diffusion and osmosis may play important parts in

the process of the passage of fluid from the fourth ventricle into the periaxial tissues,

it seems apparent that some other factor or factors must be the determining agent or

agents. It is not unlikely that the formation of cerebro-spinal fluid by the cells

of the chorioid plexus may cause, in the replacement experiments, further passage
of fluid into the extraventricular regions. Such an elaboration of fluid, with the

ventricles filled with the experimental solution, would result in an increase in the

normal ventricular tension. If this be the real explanation, the passage of the fluid

into the extraventricular spaces would result in part from the increase in pressure
on one (the ventricular) side of the membrane. The process, then, would be one

of filtration through the membrane from the point of higher to that of lower pressure.

This explanation best seems to cover the results obtained by the replacement

method, and is supported by the histological examination of the developing chorioid

plexuses and by many other features which are dealt with in other sections of the

paper. This view is also strongly supported by the results of injections under mild

syringe-pressure.

On the basis that the passage of fluid from the fourth ventricle into the periaxial

tissues is in large measure a process of membrane filtration, the phenomenon of the

fluid transit of the replaced solutions may be taken as a real index of the circulation

and distribution of the cerebro-spinal fluid. It may be assumed, therefore, that the

resulting distribution of the prussian-blue granules represents the course and extent

of the fluid channels of the embryonic cerebro-spinal fluid.

The discussion of the fluid passage outward from the cerebral ventricles into

the subarachnoid spaces has thus far been concerned with the processes involved

for the transit of the true solutions of the salts. There is, however, an undoubted

passage outward, as has already been indicated in a foregoing section, of the pro-

tein content of the normal cerebro-spinal fluid. This occurs in specimens in which

a truly definitive membrane, intact throughout, can be seen inclosing the chorioidal

roof. The explanations which suffice for the passage outward of the true solutions

will not serve for this phenomenon.
The cells of the body probably are equipped to handle colloidal solutions in

several ways, but two methods seem possible as explanatory of the problem at hand.
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In the first place, it is conceivable that the cells in the differentiated areae mem-
branaceae could phagocyte the colloidal albuminous particles of the ventricular fluid

and excrete them into the subarachnoid spaces on the other side of the membrane;
but it does not seem probable that this explanation is correct. Much more likely is

it that the colloidal masses may follow the same laws of fluid-passage as the true

solutions. But in such a passage through a cellular membrane the rate of passage
will be much slower with the colloid.

These two theories regarding the passage of the albumen of the ventricular

cerebro-spinal fluid into the subarachnoid spaces are not based on any findings

presented in this article, but are ventured as being in keeping with current physio-

logical explanations of such phenomena. On the basis of the second hypothesis,

the failure of granular material to pass through the cellular membrane of the chori-

oidal roof must be explained as being due to the inability of the cells to handle the

foreign material except in sizes which could be absorbed. The fact that the origi-

nal unit was not phagocyted or passed through the membrane probably depended
on the size of the molecule and the specific character of the lining-cells.

THE PASSAGE OF SILVER NITRATE AND INDIA INK THROUGH THE MEMBRANOUS AREAS
IN THE ROOF OF THE FOURTH VENTRICLE.

Thus far in the discussion of the passage of the experimental fluids through the

ventricular roof, true solutions of potassium ferrocyanide and iron-ammonium

citrate only have been considered. This solution, as has been pointed out in this

and in a previous article^55), is non-toxic and is not taken up by the cells. With the

dilute solutions (0.25 to 0.5 per cent) of silver nitrate, a far different problem is

presented. Replacement experiments with this salt are rendered impossible by its

intraspinous toxicity and by its precipitating action upon protein; but beautiful

preparations may be made by this method by the simple injection with a syringe

into the central canal of the spinal cord.

With mild syringe-pressure the result of such an injection with silver nitrate is

in all cases a simple ventricular spread, with no extension into the periaxial tissues.

This general rule holds in all stages in which the central canal can be definitely

entered without causing a spread into the perispinal tissues. This failure of the

spread to extend into the periaxial tissues under mild pressure is undoubtedly due

to the coagulating effect of the silver, which renders further passage of the fluid

impossible. The reduced silver collects about the superior membranous area in the

roof of the fourth ventricle, outlining it distinctly. This phenomenon is illustrated

in figure 115 (a transverse section of a pig embryo of 19 mm.). At this stage the

replacement of cerebro-spinal fluid by a ferrocyanide solution results in a quite

extensive spread (cf. fig. 5).

With increased pressures of injection the silver may be pushed into the periaxial

tissue through the roof structures of the fourth ventricle. The transit of the injec-

tion-mass occurs in the area membranacea superior in practically all cases (cf. fig. 12).

The inferior membranous area, in the earlier stages, is almost invariably impermeable
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to the silver (unless the injection-pressure is extreme). When the superior area is

examined after such an injection under high pressure the silver is found deposited

throughout the cells of the area, extending only a short distance into the adjacent
tissue. This feature of the injection is pictured in figure 113. In these injections

the high pressure undoubtedly suffices to force the silver through the coagulated
area membranacea. Its coagulating effect on the ependyma is almost equally

marked, but the point of least resistance is apparently in the membranous area, allow-

ing the fluid to pass through it.

Replacements of the cerebro-spinal fluid with diluted solutions of india ink

within the medullary-canal system of small pig embryos never result in any exten-

sion of the granules into the periaxial tissues, for under the normal tension in the

ventricles of the pig the arete membranacea? are impermeable to the passage of

granular material. After such a replacement the carbon masses may be found

everywhere throughout the ventricles, but not in the periaxial tissues. However,
india ink may be forced into the periaxial tissues by the use of high pressures of

injection, as shown in figure 10. In this specimen of a pig embryo (21 mm. in length)

the periaxial spread occurred solely from the superior membranous area. This is

analogous to the results obtained with silver nitrate, shown in figure 12. Without

doubt in the earlier stages the superior area is much more permeable than the inferior.

Histological examination of these specimens after an injection of india ink under

high pressure reveals that the carbon granules gain the extraventricular space only

through the area membranacea superior; some cells in this area are crowded with

the granules, but for the most part extensive intercellular stomata have been made.

The whole process must be viewed as a result of the excessive pressure of injection.

In the more advanced stages of the pig embryo (30 mm. and upwards) the

pressure necessary to occasion an extraventricular spread of the india ink after

intraspinous injection decreases somewhat, so that with mild syringe-pressure a

local periaxial spread from the fourth ventricle may be obtained from an injection

into the central canal of the spinal cord. This is in accordance with the observation

of MalK36
), who found that the injection flowed "through the medial opening of the

fourth ventricle." The opening in these cases is in the area membranacea inferior,

and in many instances subsequent examination showed rupture of the membrane

with escape of the ink, even though the injection-pressure was moderate.

Taken as a whole, then, the findings are against the passage of solutions of

silver nitrate or suspensions of india ink from the ventricles into the periaxial tissues,

except when injected under pressures far above the normal intraventricular tension.

RELATION OF THE EPENDYMAL DIFFERENTIATION TO THE PASSAGE OF FLUID.

Under this heading it is proposed to discuss the relationship, if any, existing

between the stages of differentiation of the ependyma of the roof of the fourth ven-

tricle and the passage of fluid through the two membranous areas. The discussion

must necessarily be of a temporal character, with an attempt to consider possible

factors in the process.
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The most important question in this connection is whether the ependymal
differentiation is necessary for the passage of fluid through it. In the pig embryo
of 13 mm. the area membranacea superior has reached a stage of marked differ-

entiation (fig. 31), but at this same stage (fig. 2) there is no evidence of any passage

of fluid through the roof of the fourth ventricle into the periaxial tissue, only an

outlining of the oval membranous area. Here, then, the histological differentiation

has definitely preceded the assumption of function on the part of the area mem-
branacea superior. The passage of fluid through the lower area occurs at a rela-

tively earlier stage than it does through the superior opening. The first evidence of

differentiation of the inferior roof of the fourth ventricle was observed in pig

embryos of 15 mm. in length. At 18 mm., even though the process of differen-

tiation was far from complete, some of the replaced fluid was able to pass through

the lower area (figs. 4, 16, and 18).

A consideration of these observations leads to the assumption that some histo-

logical differentiation of the ependyma is necessary for the extraventricular passage

of the replaced fluid. In the case of the superior area the differentiation occurs at

a considerable developmental interval before fluid passes through it; in regard to

the inferior area the assumption of function occurs at a somewhat earlier period in

its differentiation. This slight difference between the two areas may possibly be

explained on the basis that as soon as the stage of 14 mm. is attained (by the pig

embryo) a greater amount of cerebro-spinal fluid is produced than can be cared for

by the more slowly enlarging ventricular cavities. As soon as this disproportion

occurs the excess of fluid is poured into the periaxial tissues through the already

differentiated area membranacea superior; therefore, when the inferior area first

shows evidence of formation there is still this excess of fluid in the ventricles. The

fluid apparently avails itself almost at once of the new opening and its functional

existence becomes immediate. It is apparent, moreover, that the capacity of the

membranous areas for the passage of fluid is considerably in excess of the demands

made upon them, and furthermore, that the provision for the passage of increasing

amounts of fluid is completed before the demand arises.

In the passage of fluid from the ventricles into the mesenchyme, there is one

other factor which has not as yet been considered. This concerns the potentiality

of the adjacent mesenchyme to afford channels for the fluid poured into it. Were

resistance offered to the flow of solutions through the mesenchymal tissue spaces,

fluid could escape from the ventricles in only very small amounts, if at all; as soon,

however, as easily traversed fluid channels became established, the cerebro-spinal

fluid could readily escape through the two membranous areas. The question as to

what part the embryonic cerebro-spinal fluid plays in the further development of the

meningeal spaces also arises in this connection. It is at present impossible to assign

to any one of these factors a specific role in the passage of fluid from the fourth

ventricle into the periaxial spaces, but it is important to consider them as possible

determining agents. The evidence all indicates that the rate of production of the

embryonic cerebro-spinal fluid is the most important factor, by far, in the extra-

ventricular escape of the fluid.



GENERAL HISTOLOGICAL DIFFERENTIATION OF CEREBRO-SPINAL SPACES. 63

VII. GENERAL HISTOLOGICAL DIFFERENTIATION OF THE CEREBRO-SPINAL
SPACES.

The general problems concerned in the formation of the meninges and of the

spaces inclosed within them deal with the gradual adaptation of a primitive undiffer-

entiated mesenchyme to the anatomical and physiological requirements of the adult.

Originally the meninges were held to be derived from the same epidermal infolding

which gave origin to the central nervous system; then, with increasing knowledge of

the structure, the dura alone was said to be a product of the middle germ-layer;
and finally, by the researches of His^25 ) and of Kolliker/

31 ) the mesenchymal origin of

the three meninges was established. The general process of the differentiation and

the stages in this transformation have not been reported in great detail; here, too,

the investigations must have an outlook for physiological anatomy as well as for

pure morphology.
It may be well to comment briefly on the relationships of the three meninges

found in adult mammals. The dura is well established as the fibrous-tissue envelope
of the leptomeninges and the central nervous system. But there is a tendency
to regard the arachnoid and pia mater as constituting one structure the lepto-

meninges or "pia-arachnoid," in the terminology of Middlemass and Robertson^39).

This difference of opinion in regard to the two inner meninges is due to their struc-

tural and intimate relationships. The arachnoid may well be assumed to be a

single membrane, worthy of being regarded as a single structure if one considers only
its outer continuous membrane as the essential structure. But the inner surface

of this membrane sends processes inward to fuse with the pia mater, which is so

closely applied to the nervous tissue. These processes divide the subarachnoid

space (included between arachnoid and pia) into the well-known meshes in which
the cerebro-spinal fluid circulates. From the standpoint of these channels (the
subarachnoid spaces) the arachnoid constitutes the parietal and the pia the visceral

layer. Thus the intimate structural unity of the two membranes seems, in the opinion
of many investigators, to warrant their designation as a single membrane. This

view, however, has been strongly opposed by Poirier and Charpy(45
), who considered

the distinction of three meninges very essential. Hence, in considering the trans-

formation of tissues in the embryo, regard must be had for the dura as a well-differ-

entiated structure, and for the leptomeninges as units, but certainly to be regarded
from the standpoint of the subarachnoid spaces. In this connection SterziV53 )

observations on the comparative anatomy of the meninges are of interest. It will

be recalled that the dura in lower forms becomes well established before the lepto-

meninges emerge from a primitive mesenchyme.

THE PERIAXIAL MESENCHYME.

Surrounding the central nervous system in young embryos is a rather thick

cushion of undirTerentiated mesenchyme, similar in all respects to the undifferen-

tiated tissue in other parts of the embryo. But very soon in the course of develop-
ment the nuclei in this mesenchyme increase along the clear marginal zone of the
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spinal cord and basilar structures, forming the initial indication of the pia mater.

This phenomenon is indicated somewhat in figure 40, a photomicrograph taken

from a human embryo (No. 836) of 4 mm., the earliest stage here illustrated.

The next essential change in the great differentiation of the meninges concerns

a blastema! condensation of this same mesenchymal tissue to form ultimately the

bony covering of the central nervous system and a portion of the dura; but between
these two zones of differentiation the mesenchyme remains for a time almost unal-

tered. A portion of this tissue will go to form the arachnoid membrane and the

trabeculse which mark off the subarachnoid spaces. This process in the formation

of the arachnoid will be discussed here; the formation of the pia mater and dura

will be detailed in succeeding divisions of the paper. The differentiation will be

discussed as a general process, in regard to both human and pig embryos, for in no

respect has any essential difference between the two been observed.

The general character of the periaxial mesenchyme may be commented upon
here. The tissue is of a very loose and typical structure, forming a syncytial net-

work of rather small mesh, but fragile. The nuclei of the cells are oval, with a

definite chromatin content; the cytoplasm is largely devoted to the maintenance
of long processes which connect with adjacent cells. Adhering to the cytoplasmic

processes are very tiny albuminous coagula, of such small amount as to be hardly

noticeable; also in the meshes of the mesenchyme very small quantities of this

albumen may be identified. These albuminous coagula undoubtedly represent the

protein of the tissue fluids in the undifferentiated stages.

THE FORMATION OF THE ARACHNOIDEA.

A general consideration of the problems here involved will surely shed light

on some of the various factors concerned. It must be noted that in its develop-
ment this membrane proceeds from an undifferentiated but small-meshed mesen-

chyme into the adult structure which contains the relatively large cerebro-spinal

channels. Then, too, the enlargement of the tissue meshes in certain places as

the future cisternse must be enormous. Besides this necessary dilatation of the

spaces in the periaxial mesenchyme, the outer portion of the tissue must separate
from the future dura and form the outer surface of the arachnoid membrane. Here

the process must be one of tissue condensation and proliferation. A similar agency
is involved in the growth of the mesothelial cells which cover the outer surface of

the arachnoid and also the inner subarachnoid spaces.

The general process, then, in the formation of the arachnoid membrane con-

cerns a thinning and readjustment of the primitive mesenchyme in certain areas,

while in others the process is reversed, the membrane reaching the adult form

through proliferative and condensing phenomena. Such alterative processes must

naturally result from the application of certain mechanical or vital agents in the

growth of the embryo. Is the mere growth of the central nervous system sufficient

to furnish these alterative agents, or must we Likewise trace the corresponding devel-

opment of the bony coverings of the brain and spinal cord? Neither factor seems
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relatively of great importance when compared to the possible influence of the pres-

ence and circulation of cerebro-spinal fluid on this periaxial tissue. This seems to

be the most important factor, an internally-modifying influence to which the peri-

axial mesenchyme is subjected in the formation of an arachnoid and its subarach-

noid spaces. It will therefore be from this standpoint that the development of the

spaces will be discussed; for, as has already been pointed out, the periaxial mes-

enchyme becomes a functionally active tissue for the circulation of the cerebro-

spinal fluid at a stage when differentiation has not begun. On this basis, the

lack of differentiation shown in the periaxial mesenchyme in the stages before

the ventricular cerebro-spinal fluid is poured into the mesenchyme in the neighbor-

hood of the roof of the fourth ventricle is not surprising. The character of the

periaxial mesenchyme in the early stages is reproduced in numerous photomicro-

graphs (figs. 25, 49, 51, and 53). The mesenchyme is here characterized by a rather

dense meshwork of cytoplasmic processes, interspersed by a considerable number of

oval nuclei. The content of the interstices in albumen, as judged by the persisting

coagula, is very small. This picture of the periaxial mesenchyme persists until

cerebro-spinal fluid is poured from the ventricle through the area membranacea

superior.

As will be seen in figure 3, the first indication of an extraventricular spread of

the replaced fluid in the ventricles occurred in a pig embryo of 14 mm. At this

stage the membranous area in the superior portion of the roof of the fourth ventricle

has already become well differentiated. The fluid from the ventricles, however,
does not reach any considerable spread until after a length of 18 mm. is attained; the

periaxial spread during this period of growth is wholly confined to the peribulbar

tissues. It is quite important in this connection that the first obvious differentia-

tion of the mesenchyme for the formation of the arachnoid should appear during

this period and should involve the peribulbar tissues.

The first change to be noted in the transformation of primitive mesenchyme
into the future arachnoid is an obvious thinning of the structure with a decrease

in the number of nuclei per unit-volume. This is made out in a photomicrograph

(fig. 57) of a section from a human embryo 14 mm.* long, when contrasted with a

similar mesenchymal area posterior to the ventricular roof (fig. 53). In the pig

embryo this thinning of the mesenchyme is as obvious at this early stage.

The process of dilatation of the mesenchymal spaces at this stage hardly seems

to concern a direct disruption of the syncytial strands, but resembles more the spread-

ing of the cell-bodies by the introduction of more fluid into the tissue spaces. This

process would certainly result in an appearance similar in every way to that repre-

sented by figures 35 and 57. It probably also concerns other factors, as, possibly,

the growth of the whole embryo without a corresponding degree of mesenchymal

proliferation.

In a human embryo of 17 mm. (No. 576) evidences are apparent of such a

thinning of the mesenchyme about the medulla. Thus, in figures 58 and 59, from

*This embryo measured 14 mm. on the slide.
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this specimen, the cellular decrease can be made out both in the region of the roof

of the fourth ventricle and around the basilar surface of the medulla. It will be

noted that the differentiation (i. e., the thinning) about the roof has proceeded more

rapidly than along the anterior bulbar surface. This is perhaps to be expected in

view of the initial pouring-out of the cerebro-spinal fluid into the mesenchyme just

posterior to the roof.

In this mesenchymal differentiation a slightly increased amount of albuminous

coagulum may be noticed. The truth of this is made obvious by an examination

of figure 61, a photomicrograph from a human embryo of 17 mm. The almost

entire freedom of the mesenchyme from albuminous detritus is most noticeable at

earlier stages.

As was pointed out in the description of the results of replacing the cerebro-

spinal fluid, a marked change in the rate of development of the cerebro-spinal spaces
in the pig-embryo ensues just after attaining the length of 18 mm. Within the

growth of 2 mm. the injection spreads completely down the spinal cord and about

the basilar structures of the cerebral cavity. This rapid extension finds its analo-

gous process in the equally rapid changes which may be traced in the periaxial

mesenchyme. Thus, in figure 72, a photomicrograph from a sagittal section of a

pig embryo of 18 mm., the whole nervous tissue appears surrounded by a very thin,

lightly staining tissue; this is the periaxial mesenchyme, which is undergoing its

rapid metamorphosis. It will be noticed in this figure that the posterior structures

(rhombencephalon) are surrounded by a much less dense mesenchyme than are

the anterior (mesencephalon) . This relative differentiation between the bulbar

tissue and that around the mid-brain is only of temporal character; the mesenchyme
about the medulla, as has already been pointed out, begins to differentiate first,

the differentiation of the mesenchyme about the other nervous structures following

somewhat later.

Figure 73 is a photomicrograph of higher power, taken from the squared area

in figure 72. It shows to what a surprising degree the mesenchymal differentia-

tion has proceeded during a few millimeters' growth. Two striking features of the

process are brought out in this reproduction. In the first place, many of the mesen-

chymal trabeculse have apparently been broken down, sacrificed to a few larger

remaining strands. The cells connected with the destroyed trabeculse appear to

recede until one of the heavier surviving strands is met with, when they adhere and

apparently aid in the future development of a permanent arachnoid trabecula. The
second feature of importance in figure 73 concerns the large amount of albumen seen

in the periaxial space. There is here a much greater amount of albumen than is ever

found in the periaxial mesenchyme before the differentiating process which results

in the future subarachnoid space has become definite. The occurrence of this large

amount of albuminous coagulum is apparently related directly to the outflow of the

embryonic cerebro-spinal fluid, for the embryonic fluid is very rich in protein

material, as can be readily seen by the partial filling of the embryonic cerebral

ventricles with the clotted albumen.
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This process of the breaking-down of the mesenchymal spaces to form fewer

and larger spaces goes on very rapidly in pig embryos as they exceed the length of

18 mm. Thus, figure 75 (from a pig embryo of 23 mm.) shows a marked decrease in

the mesenchymal elements about the medulla; the strands are becoming fewer in

number, and the albumen-filled spaces are increasing rapidly in size, but decreasing

in number. About the mesencephalon, however, the process has only just begun

(also shown by fig. 74) . In this photomicrograph (fig. 75) the mesenchymal elements

have broken down somewhat; the spaces are becoming enlarged, and a fine albumi-

nous coagulum fills the interstices between the mesenchymal processes. The whole

picture conveys an excellent idea of the forces which convert the many-spaced

mesenchyme into the much fewer cerebro-spinal channels.

This general plan of the formation of the larger subarachnoid canals reaches

its maximum in the formation of the various cisterna? for cerebro-spinal fluid. The

process is probably best illustrated in the case of the cisterna magna, which persists

in the posterior cerebello-bulbar angle. Figures 74 and 75, taken from an embryo

pig 23 mm. long, give an idea of the initial formation of the cisterna cerebello-

medullaris. The mesenchymal strands, as shown in figure 75, are already broken

down in part, and are profusely covered with albuminous coagula. The process

has not proceeded to any extent in this specimen of 23 mm., but in the course of the

next 10 millimeters' growth extensive changes occur, as are shown in figures 76 and

77, photomicrographs from an embryo of 32 mm. In the space outside the inferior

membranous area the mesenchymal trabeculae have almost disappeared ;
the space

or cistern, as it should now properly be called is almost completely filled with the

clotted albumen. The mesenchyme is seen running through this embryonic cistern

as a few isolated strands, but most of the tissue appears now as a fairly definite

membrane on the outer side of the space. This membrane will go to form the inner

surface of the dura and the continuous outer layer of the arachnoidea, as it furnishes

a visceral layer for the subdural space.

More laterally in this same specimen the formation of the cistern has progressed

to an even greater extent. In figures 78 and 79 the total freedom of the lower portion

of the cistern from trabecular strands is seen; above, the mesenchyme still sweeps
down as a supporting structure for the chorioid plexus. A definite differential line

of mesenchymal condensation indicates the future outer border of the arachnoid as it

incloses the cisterna cerebello-medullaris. This general process of mesenchymal

breaking-down, altering the original small spaces into the larger arachnoid channels,

holds as the embryo develops into larger forms.

In addition to this formation of the subarachnoid spaces in the adult through
the enlargement of the embryonic mesenchymal spaces, the perimedullary mesen-

chyme undergoes in these same localities condensations which result ultimately in

the formation of the arachnoid membrane and the trabeculae dividing up the cavum
subarachnoideale. Mention has already been made of the adhesion of the cell-

bodies of the disrupted mesenchymal elements to the persisting strands the initial

step apparently in the ultimate differentiation of the mesothelial cells which line
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these spaces. Gradually with the increasing growth of the embryo these cells

seemingly become arranged in definite columns covering the persisting arachnoidal

trabeculae. At the same time a differentiation of these primitive mesenchymal
elements occurs, the cells ultimately being transformed into the very low cuboidal

mesothelium of the subarachnoid spaces. This differentiation begins first in the

basilar portions of the cranium and spreads upward, in a way similar to the course

of development of the cranium and of the enlargement of the pericerebral spaces.

While such a general process as outlined accounts for the formation of the

arachnoidal trabeculse and the subarachnoid spaces, it has but little bearing on the

development of the outer intact membrane of the arachnoidea. This portion of

the arachnoidea (which might be termed the arachnoid membrane as distinguished

from the arachnoid trabeculse) first appears as a distinct line of mesenchymal con-

densation separating the mesenchyme into the primitive arachnoid and dura mater,

as in figures 76 and 77, dmc. This rather thin zone of cellular density in reality

represents not only the outer surface of the arachnoidea, but also the inner surface

of the dura mater. At first these develop in close fusion with a later separation of

the two membranes. With this cleavage of the two surfaces, the arachnoid mem-
brane rapidly differentiates, forming an intact layer over the subarachnoid spaces.

The cells covering the surface membrane seem to change gradually into the low

cuboidal type, similar to those covering the arachnoidal trabeculse. The details of

these processes may be most easily studied in the region of the cerebral hemispheres;

in this situation the transformation of the tissues occurs at a later period than in the

basilar regions, for the differentiation of this mesenchyme follows the general plan

of development of the cartilaginous and bony cranium.

The greatest problem in connection with the development of an external arach-

noid membrane naturally concerns the separation of this leptomeningeal tissue

from the pachymeninx. In the solution of this particular problem gross dissections

have been found of benefit. For this purpose, pig embryos of larger size were used,

and attempts were made to ascertain at what stage of development a true anatomi-

cal separation of the two membranes occurred. It was found that in embryo pigs

of about 40 mm. the dura over the calvarium could be well separated from the arach-

noid, but areas of unseparated tissue still persisted at this stage. This was also found

to be true in pig embryos of 50 mm.
;
on the inner surface of the dura at this stage a

mesothelial cell pattern could be demonstrated, although areas of attachment to

the arachnoid existed. However, the differentiation of the periaxial mesenchyme
into the adult arachnoid does not occur coincidently with the possibility of a forceful

separation of the dura from the surface of the brain; but before this separation of

the pachymeninx can be made the mesechyme which will go to form the arachnoid

must undergo some differentiation. This process involves a condensation or accu-

mulation of mesenchymal elements directly in the secondary dural thickening; the

cells, with oval nuclei, soon form a continuous membrane of two or three cells in

thickness. Apparently soon after the cellular accumulation has been accomplished,

a separation of the dura from the arachnoid may be made. In certain areas, varying
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greatly in size, there is still an intimate connection between dura and arachnoid.

These connections are particularly prominent over the developing cerebral hemi-

spheres, and it is with this differentiation in the formation of the arachnoid spaces

that we will now deal.

In a human fetus of 76 mm. (No. 1134) the arachnoid was found to constitute,

in the region about the great sagittal sinus, a cellular layer which adhered quite

closely to the dura, even though a line of differentiation between the two meninges
could be made out. This adhesion could undoubtedly be separated, even by gross

dissection, although the tendency to adhesion was stronger than the attachment of

the pia to the cortex. From its cell-character and general histology the arachnoid

at this stage must be considered as a formed membrane, but in a primitive state.

A somewhat similar but more advanced stage in the formation of the arachnoid

membrane is seen in a human fetus of 100 mm. (No. 928-E) and in a fetal pig of

114 mm. In both the arachnoid membrane is very cellular, adhering to the dura

only along the superior longitudinal sinus and in certain isolated areas. The cells

comprising the arachnoidea possess oval, rather large nuclei which stain palely with

hematoxylin. No typical arachnoidal trabecuke could be made out in specimens in

this cortical region.

The cellular character of the arachnoid persists in the larger embryos and fetuses

as a layer, several cells in thickness, constituting the outer arachnoid membrane.

In a fetal pig 190 mm. in length the membrane was practically differentiated, its

outer wall being covered by mesothelial cells with large nuclei lying about a small

fibrous-tissue base. The arachnoid trabeculaB were developed only in the larger

sulci, where they appeared as typical cellular cords about a core of fibrous tissue.

At this stage, too, the vessels traversing the arachnoid spaces were found covered

with similar cells. These may now be justly termed the mesothelial cells.

Quite similar stages of arachnoidal differentiation occur in human fetuses of

200 (No. 870) and of 240 mm. (No. 1131). The arachnoid has everywhere prac-

tically become adult in character, except for a further decrease in the number of the

peripheral layers of mesothelial cells. The fibrous tissue underlying this covering
membrane possesses, as in the adult, almost a minimum of support.

In certain areas, however, the differentiation of the mesenchyme into the adult

arachnoidea does not keep pace with the general process. In the present study this

phenomenon of unequal development was especially well shown in fetal pigs of

150 mm. and upwards. It concerns the development of arachnoid trabecute in the

cerebral sulci. As is well known, the arachnoid membrane bridges the cerebral

fissures, while the pia follows the cerebral contour. In the fetal pigs of the stages

specified above, certain furrows showed a typical adult relationship with the covering

arachnoid membrane and lining pia, the intervening space being traversed by defi-

nite arachnoid trabeculse. Other of the sulci were filled with an almost embryonic

type of mesenchyme a loose meshwork of cytoplasmic processes containing rather

small oval nuclei. The explanation of this embryonic type of tissue seems to be

that it occurs in the newly developing sulci and that some time must elapse in this
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formation before the tissue fully differentiates into the adult arachnoid membrane.

Strangely enough, a similar collection of an embryonic type of tissue is sometimes
met with, in these stages, between the two hemispheres.

The general process, then, of the formation of the arachnoidea involves both
a breaking-down (or thinning-out) of the mesenchymal spaces and a condensation
of the cells. The first of these processes results hi the transformation of the inter-

stices of the periaxial mesenchyme into the larger subarachnoid spaces, divided off

by arachnoid trabeculae; the second finds its final accomplishment in the develop-
ment of the outer arachnoid membrane which, covered with mesothelial cells, forms

the inner surface of the subdural space. The transformation begins in the basilar

regions of the cranium and spreads upward over the hemispheres.

THE CIRCULATION OF FLUID THROUGH THE SUBARACHNOID SPACES.

In view of the processes of differentiation involved in the formation of the

arachnoidea and the subarachnoid spaces, the circulation of fluid through this

peculiar membrane must be considered. It seems important to ascertain, if possible,

the relationships between the beginning of the passage of the cerebro-spinal fluid

and the onset of the histological changes.
The conceptions of the development of the circulation of the cerebro-spinal

fluid which are presented in this communication are dependent, in large measure,

upon the results of the replacement of the fluid, in living embryos, by the ferro-

cyanide solution. Additional evidence was obtained from the identification of

albuminous coagula in the periaxial tissues. The correlation of these findings with

the development of the chorioid plexuses and with the results of injections under low

pressures, from a syringe and so forth, gave evidence of their correctness.

The differentiation of the mesenchyme into arachnoid membrane may be said

to keep pace with the establishment of the periaxial channels for the cerebro-spinal
fluid. In the main, the passage of this fluid into the undifferentiated mesenchyme
about the nervous system precedes the process of histological change. This phe-
nomenon is shown in figure 14, from a pig embryo of 18 mm. The replaced fluid

is seen passing out into the mesenchyme through the two membranous areas in the

roof of the fourth ventricle. The mesenchyme at this stage has already differen-

tiated somewhat, but hardly in proportion to the length of time during which the

fluid has been passing into the space.

There are several features of interest in the course of the fluid through the peri-

axial spaces. In sections of embryos in which the cerebro-spinal fluid has been

replaced by a foreign solution the granules of the precipitated salts may be identi-

fied in the periaxial mesenchyme in situations corresponding exactly to the extent

of the spread shown in the cleared specimens (figs. 1 to 9). The exact location of

the prussian-blue granules is of importance in this connection, as the exact form and

distribution of the periaxial spaces and their relation to the adult subarachnoid

spaces may thus be determined.

Examination of serial sections from an embryo in which the embryonic ventric-

ular fluid has been replaced by the ferrocyanide will reveal, if the embryo exceeded
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14 mm. in length, granules of prussian-blue in the peribulbar mesenchyme (fig. 14).

The granules are not found in any cell-bodies in this tissue; they are made out, in

large measure, adhering to the mesenchymal cell-processes or lying free in the mesen-

chymal interstices. The granules do not penetrate the pia mater or the dura

mater, a finding which will be discussed more fully in the sections dealing with these

membranes. Everywhere the transit of fluid into the nervous tissue seems to be

prohibited by the pia; in some areas, however, the outer condensation of mesen-

chyme to form the dura-periosteum has not yet occurred. This is shown particu-

larly well hi the region of the roof of the fourth ventricle (fig. 18), where the epi-

dermis offers the only barrier to the passage of fluid from the pericerebral spaces.

In the earlier stages in which the phenomenon of fluid passage about the central

nervous system may be observed, the outer layer of the arachnoid is not at all

differentiated. Here the barrier to the fluid is the blastemal condensation of mesen-

chyme (fig. 16). In the later stages, when the outer layer of the arachnoid is begin-

ning to appear as a mesenchymal thickening, the fluid (as indicated by the precipi-

tated prussian-blue) is confined strictly within the immature arachnoid membrane.
The course, then, of the fluid which has replaced the cerebro-spinal fluid in the

embryo follows that of the adult cerebro-spinal fluid (as shown by the resultant

blue granules). It is everywhere contained within spaces which topographically

and embryologically correspond to the subarachnoid spaces in the adult. The

spread of the replaced solution from the embryonic ventricle into the peribulbar

tissue is analogous in every way to the passage of cerebro-spinal fluid from the fourth

ventricle of the adult into subarachnoid spaces.

VIII. A CONSIDERATION OF THE EMBRYONIC PIA MATER.

Our present conceptions of the embryology of the pia mater are largely due to

the work of His^25 ) and of Kolhker^31
). who first firmly established the idea that this

inner leptomeninx was mesodermal in origin. While generally accepted (Farrar^
16

)) ,

this view has not been widely referred to in the literature; but the absence from all

embryologies of any information concerning the development of the meninges is

quite striking and it does not seem strange, therefore, that our information regarding

the pia mater has not advanced in keeping with our knowledge of the embryology of

other structures of the body. In the present section of this communication it is

purposed to present merely a general consideration of the process by which the pia

mater is formed and to point out some of its functional characteristics, especially

in regard to the fluid channels.

The term pia mater is accepted throughout this article as designating solely the

cellular membrane which adheres closely to the outer surface of the nervous system,

but it is in direct connection with the arachnoidal trabeculae which traverse the sub-

arachnoid space. Whether the two membranes should be considered together as

the pia-arachnoid or as the leptomeninx is a question in regard to which there is

some disagreement; it will suffice to consider the pia as a separate membrane.
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THE GENERAL HISTOLOGY OF THE PIA MATER.

The findings in this investigation are wholly in accord with the conclusions of

His^25), of Kolliker^31), and of Farrar^16), that the pia mater is derived from the

middle germ-layer. In the earliest stages the mesenchymal elements may be made
out adhering to the outer portion of the primitive nervous system. In the course

of growth these cells are grouped about the mantle zone of the spinal cord in a rather

dense layer, two or possibly three cells in thickness, with the typical oval nuclei of

the mesenchymal elements. Certain stages of this process may be made out in the

figures in this paper. Thus, in a human embryo of 4 mm. (No. 836 of the Carnegie

collection) the mesenchymal elements form a definite layer around the neural axis

(fig. 41). The nuclei are oval in shape, possessing a moderate amount of chromatin,
and are found in a layer two cells in thickness. This membrane, with its fairly

scant cytoplasm, is sharply differentiated by its existence between two layers, in one

of which nuclei are wanting, and in the other somewhat widely separated the

mantle zone of the spinal cord and the periaxial mesenchyme.
This typical arrangement of the mesenchymal elements about the cerebro-spinal

axis holds in almost unchanged form throughout the whole embryonic growth.

Thus, about the nervous tissue in figures 48 and 52 (from human embryos of 7 and

9 mm., respectively) the same condensation of the mesenchymal elements to form

the pia mater are made out. This appearance is so familiar that further description

in the later stages seems needless, but certain characters of this embryonic arrange-
ment seem to require comment.

The general appearance of the pial layer is greatly altered by the early forma-

tion of the capillary blood plexus about the nervous system. This plexus tends to

render the pial tissue more cellular, on first microscopic examination, as the endo-

thelial channels branch greatly outside of the nervous tissue in this mesenchymal pia.

The general character of the pial layer, however, as a membrane with prominent
nuclei and scanty protoplasm, is not altered at all by the vascular plexuses.

The ultimate fate of these undifferentiated mesenchymal elements forming this

initial pial condensation is a gradual transformation of the cells into very low

cuboidal mesothelial elements constituting the adult pia. The transformation con-

cerns not only the differentiation of the cells but also a rearrangement so that the

original layer of two or more cells in thickness becomes finally of but a single cell in

thickness. The process, in a way similar to the development of the subarachnoid

spaces, begins in the basilar portions and spreads upward; the process, hence, may
often be studied in a single suitable specimen.

More important, for our consideration, is the peculiar relationship of the pia

mater to the roof of the fourth ventricle, and in particular to the two areae mem-
branacese. In this situation, in place of the slight mesenchymal condensation which

characterizes the pia, and which Minot^40 ) pictures in his figure 114, the mesenchyme
seems altered. The condensation to form the pia, which takes place in other situ-

ations about the true nervous tissue, has not here occurred. This absence of the

typical pial arrangement may be noted even in very small embryos those in which
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the roof of the fourth ventricle is composed of the many-layered, epithelial-like cells.

This is well shown in a photomicrograph (fig. 53) from an injected human embryo of

9 mm. (No. 721) of the Carnegie collection. Likewise, in this region in a pig embryo
of 8 mm. (fig. 25), the same absence of a real pial condensation may be made out.

But this peculiarity of the pia is most striking at the period of maximal differen-

tiation of the superior membranous area in the rhombic roof. In figures 37 and 43,

photomicrographs from pig embryos of this stage, the mesenchymal condensation,

augmented by some vascular endothelium, is shown in adhesion to the ependyma
on both sides of the membranous area; but directly behind the differentiated cells

of the area membranacea evidence of a condensation of mesenchyme is wholly

lacking, even though both specimens show vascular channels in close approximation.

Similarly, in a human embryo of 14 mm. (No. 144, Carnegie collection) a total lack

of the true pial thickening is to be observed (fig. 57) .

Quite similar is the failure of a pial thickening about the inferior membranous
area. This can be made out in figures 83 and 87, from human embryos in which

the process of differentiation of the area is proceeding. In later stages of the forma-

tion of the area membranacea inferior, the marked absence of a true pial condensa-

tion in the mesenchyme in this region is noted in figure 75 (a specimen from a fetal

pig of 23 mm.) But this apparent failure to form the typical mesenchymal conden-

sation of the pia mater in certain areas in the roof of the fourth ventricle must not

be construed as indicating an absence of pia mater. Such does not seem to be

the case here, for in the later stages of the formation of the cisterna cerebello-

medullaris the area membranacea inferior is found entirely unsupported, except for

a layer of mesenchymal cells. This is shown in figures 77 and 79, both taken from
fetal pigs of 32 mm. This mesenchymal layer must be considered as pia mater

apparently modified for a specific purpose.

The general process, then, of formation of the pia mater concerns a condensa-

tion of mesenchymal elements to form an embryonic membrane about the central

nervous system. From its earliest beginning very slight modification is needed to

reduce it finally to the histological character of the adult membrane. The general

process holds, except in the regions of the arese membranaceae in the roof of the

fourth ventricle; here, apparently, a modification of the pia for a specific purpose,

involving an absence of the primary pial condensation, takes place.

THE RELATION OF THE PIA MATER TO THE FLUID CHANNELS.

The cerebro-spinal fluid in its normal pathways comes everywhere into contact

with the pia mater, which serves as the inner retainer for the subarachnoid space;
therefore the functional relation of this membrane to the fluid which bathes it

becomes of interest. To some degree the results of the experiments recorded in the

earlier portions of this paper throw light upon the relation of the pia mater to the

circulating fluid. The most important question in this connection is naturally that

dealing with the possible penetration of the normal fluid through this embryonic
membrane. In this regard the findings in replacement experiments with ferrocya-
nide solution serve to elucidate the problem. These observations give no evidence



74 DEVELOPMENT OF CEREBRO-SPINAL SPACES IN PIG AND IN MAN.

of any penetration of the pia mater by the fluid. This is well brought out in figures

14 and 18. In every respect (as demonstrated by numerous experiments of this

type in pig embryos of varying lengths) the pia mater is wholly impenetrable to true

solutions of foreign salts when injected so that the normal tension is not altered.

The whole subarachnoid space may, in such an experiment, be filled with the prussian-

blue, but none of these granules are found within the cells of the pia mater or in

any layer between these cells and the nervous system. Evidence that the fluid has

bathed the outer pial cells is afforded by the adhesion of granules of prussian-blue
to the outer cytoplasmic borders of the cells.

Likewise the cells comprising the embryonic pia have been found to be impene-
trable to true solutions (ferrocyanide) when injected under varying pressures from

a syringe. In these cases, rupture of the roof of the fourth ventricle or of the infun-

dibulum may be produced by great pressure, without causing any of the fluid to

penetrate the intact layer of the pia mater. The same result is obtained when
india ink is substituted for the true solution.

The pia mater, then, even in its embryonic form, serves as an efficient fluid-

barrier. This is demonstrated, in regard to the adult pia mater, in the report (55 )

of the observations made on adult cats, dogs, and monkeys. But the barrier which

the pia offers to the entrance of fluid from without exists also for fluid coming in

the reverse direction. This is shown by the well-known phenomenon of the so-called

subpial extravasation, which occurs in blood vascular injections when the injections

are continued for too long a time at too high a pressure. The perforating vessels

in such cases rupture as they enter the nervous system, and the injection mass

spreads extensively beneath the pia, stripping it away from the nervous tissue. Of
interest in this discussion is the fact that the injection mass in these extravasations

does not rupture the pia, which seemingly is an equally efficient fluid barrier to

pressure exerted on it from within. Similar subpial spreads of the injection fluids

have been observed in the course of this work. These extravasations resulted from
the rupture of the whole nervous tissue from within, particularly in the region of

the infundibulum, when the injection was made into the ventricular system under

excessive pressure. In this respect, too, the pia seems to be wholly efficient as a

retainer for true solutions or for granular suspensions. It is realized that the

embryonic pia mater will not resist the passage of fluids through it under the highest

pressures afforded by the syringe, but the membrane serves as an efficient barrier

for all pressures such as are employed in careful anatomic injections.

With this conception of the impenetrability of the pia mater to fluids under

ordinary pressures, it does not seem strange that there is a variation in the process
of formation of the pia mater in the region of the roof of the fourth ventricle. It

has been shown in the foregoing paragraphs that the phenomenon of mesenchymal
condensation which results in the formation of pia elsewhere does not occur in the

region of the two arese membranaceae. In view of the passage of cerebro-spmal
fluid through these two membranous areas, the pia mater must necessarily be altered

in these places. For were it not adapted to the purpose of affording fluid passage
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the cerebro-spinal fluid would, in its course from the ventricle to the subarachnoid

space, form a subpial extravasation. It would seem that this modification of the

pia is designed to meet the particular need and function of this region.

THE ADHESION OF THE PIA MATER TO THE CEREBRAL TISSUE.

It is a well-known fact in embryology that the pia mater and the periaxial

mesenchyme in poorly dehydrated specimens split away from nervous tissue, but in

adult preparations, if the meninges and brain are dehydrated in a block, the sepa-

ration of the tissues occurs between the dura and the arachnoid, or (in more excep-

tional instances) the dura and arachnoid come away, leaving the pial layer closely

applied to the cortical tissue. It is quite difficult in any adult mammal to separate

the pia from the brain tissue. Realization of these peculiarities in the degree of

adhesion of the pia led to an attempt to ascertain what structures were involved in

the attachment of this mesodermal layer to the epidermal nervous system. The

results of this attempt add nothing to the ultimate solution of the problem, but

are perhaps of sufficient interest to justify brief presentation.

Two theories in explanation of this adhesion of the pia immediately suggested

themselves. One of these concerned a possible growth into the pia of neuroglial

elements, causing an intimate association between the pia and the cerebral cortex.

Our findings in reference to the neuroglial outgrowth in fetal pigs gave no reliable

basis for the assumption. The second theory dealt with a diminution in the elas-

ticity of the walls of the perforating blood-vessels which supply the nervous system.

The early embryonic vessels, with walls composed solely of endothelium, when sub-

jected to the distortions of poor dehydration, might possibly offer less resistance to

the separation, so that the pia would come away from the nervous tissue. In the

later stages, however, the thicker-walled perforating vessels would naturally oppose

such a cleavage, so that the pia would remain adhering to the cortical tissue. This

theory is also purely an hypothesis, although it does not seem unlikely, especially

if one takes into account a possible connection of the pia with the perivascular

system. In examining blocks of the meninges and brain tissue taken together it

was found that the pia mater separated cleanly from the nervous tissue in fetal pigs

15 cm. in length. Beyond this stage the arachnoid might remain in adhesion to the

dura, but in such cases there was always found a layer of cells on the outer side of

the cortical tissue, constituting a true pia mater.

IX. THE DEVELOPMENT OF THE CRANIAL DURA MATER.

The dura mater, like the two other meninges, is derived from the mesenchyme
about the central nervous system. The researches of Sterzi (53) on the comparative

anatomy of the meninges furnish additional evidence for this conception in the

higher mammals. The origin of the pachymeninx from the middle germ-layer is

now well established. But there is lacking in the literature a comprehensive
account of the formation of this fibrous envelope. The gross generalities of the

process are given in part, but there is an almost total absence of the more intimate
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details of the transformation. One of the most essential points in the process con-

cerns the relationship of the dura to the bony coverings of the cerebro-spinal axis.

Does the adult dura serve as the periosteum of the bony skull? In the standard

text-books of anatomy the adult human dura is described as being composed of

two layers. In the skull these layers split, to comprise the walls of the great venous

sinuses. The outer layer of the dura serves as the periosteum for the bony skull,

but below the foramen magnum the two layers separate to inclose the epidural space.

The outer dural layer in this spinal region adheres to the inner surface of the bony
vertebral column, where it functions as the periosteum; the inner layer here becomes

the spinal dura.

In this account of the adult dura mater there is indicated a very suggestive

periosteal relationship which implies an embryological basis for the disposition of

the two layers of the membrane. It must be granted, however, that this division

of the cranial pachymeninx into two layers is quite arbitrary; there is nothing in

the general histology of the fibrous covering to suggest such a halving except its

division about the sinuses and its spinal relationships.

THE GENERAL PROCESS OF THE FORMATION OF CRANIAL DURA.

The first evidence of the development of the pachymeninx is found in the

basilar region of the skull, where the mesenchyme thickens, to form eventually the

bony covering of the brain. This thickening of the mesenchymal elements results

not only in the formation of the chondro-cranium, but also in the final formation of

the bony skull and possibly its internal periosteum and dura. In the process of

differentiation the condensation of mesenchyme in the early stages gives no index

of the varied character of the resultant tissues, so that, in the first place, the study
of the process was necessarily related to the more adult stages. In this paper, how-

ever, the whole history of the dura will be detailed chronologically, beginning with

the earliest stages.

Bardeen^2 ) has given data on the first appearance of the mesenchymal conden-

sations which go to form the blastemal phenomena in both the cranial and spinal

regions. The blastemal vertebrae become fairly well differentiated in human embryos

during the first month of intra-uterine growth. At the end of the first month, in

the occipital region, three fairly well-marked occipital myotomes may be made out;
these afterwards disappear. "During the earby part of the second month the mem-
branous anlage of the skull becomes extensively developed. The roof of the cranial

cavity is formed by a dense membranous layer, which first becomes marked at the

side of the head in embryos from 9 to 11 millimeters in length" (Bardeen).

These evidences of a primary mesenchymal condensation about the central

nervous system are concerned in the problem of the differentiation of the dura only
in so far as they indicate the onset of the process which will give rise to the bone and

possibly the periosteum a part of the dura about the cerebro-spinal axis. Gaupp(19 )

has already pointed out that this cranial blastemal condensation gives rise to these

adjacent but wholly different structures. These cranial mesenchymal condensa-
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tions persist in simple form until after the cerebro-spinal fluid begins to fill its extra-

ventricular bed; then, within a short time, the tissue becomes transformed by the

development within it of cartilage, so that in the human embryo the caudal half

of the chondro-cranium forms a ring of cartilage about the posterior portion of the

brain. On the inner side of this ring of cartilage the mesenchyme later shows a

marked condensation in the midst of the rarefied perimedullary tissues. In this

layer the nuclei soon become fewer in number and the cytoplasmic structures fibril-

lar, the whole resulting ultimately in the formation of the fibrous adult dura. The

mesenchymal condensations in the regions of the skull, where membranous bone for-

mation holds, go directly into a membrane of fibrous tissue, in the outer portions of

which bone is laid down. The details of these processes will now be taken up.

In figures 30 and 32, photomicrographs from pig embryos of 13 and 14 mm.,

respectively, the well-established vertebral differentiations and the now poorly

differentiated base of the skull are shown. From this stage upward the mesen-

chymal condensation in the head region proceeds rapidly. Thus at a stage of

17 mm. in the human embryo (fig. 60) the ventral portion of the vertebral canal

has become cartilaginous, while the base of the skull has also undergone the chon-

drogenous transformation in its more posterior portions. But of especial interest

in our problem is the line of mesenchymal condensation, which may now be traced

wholly around the brain-stem and hemispheres (fig. 60). The nature of this con-

densation is well shown in figure 61, an enlargement of the squared area of figure 60.

The mesenchymal nuclei have become closely packed and rather sharply differen-

tiated from the looser mesenchyme which in part goes to form the arachnoidea.

Figure 59 similarly shows this condensation proceeding upward to the vault.

Examined in another plane, the process of mesenchymal condensation seems

to proceed much more rapidly in the posterior than in the anterior region. This is

brought out in a transverse section of a human embryo of 18 mm. (fig. 62). Here

the condensation is much more extreme about the medulla and roof of the fourth

ventricle than in the more anterior parts of the mesencephalon. The same general

appearance, typical of this stage, may be made out in figures 56 and 57 from a human

embryo of 14 mm.* (No. 144, Carnegie collection). In the slightly larger stages the

process of mesenchymal condensation about the nervous system becomes rapidly

more marked. This increase in the number of cells comprising the denser membrane

is shown in figures 64 and 65, photomicrographs of embryo No. 460 (21 mm.).
The degree of condensation of the mesenchyme in the various stages of the

human embryo is followed quite closely in the pig embryo. The comparative

degree of differentiation coincides within a millimeter or two. Thus, in a section

from a pig embryo of 19 mm. (fig. 38), the degree of condensation about the roof of the

fourth ventricle is practically similar to that in human embryos of the same length.

The phenomena just commented upon represent the stages concerned in the for-

mation merely of a cranial blastema and are related to the formation of the dura only

so far as it is out of this mesenchymal condensation that the periosteal portion of the

*Measured on slide after sectioning.
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pachymeninx may be derived. The degree of condensation referred to in the figures

has been solely of the blastemal type, but in some of the specimens this simple conden-

sation is seen only in the more cephalic portions of the cranium. Thus, in the figures

(64 and 65) taken from embryo 460, the mesenchymal condensation is still of the

simple undifferentiated type, whereas in this same embryo the more caudal sections

show a chondro-cranium which is well developed. The process of formation of the

cranial dura, then, is one which begins in the basilar portions of the cranium and

proceeds from these points into the region of the calvarium. In general, all of the

phases of this transformation into dura may be found in one specimen of sufficient

and suitable size, the basilar differentiation representing the advanced stages, while

the steps in the differentiation are found in the areas nearer the vertex.

It is quite difficult to decide exactly what importance the primary condensation

of mesenchyme maintains in the formation of the dura, because, coincident with the

chondrification of the blastema, there occurs another condensation which forms the

line of division between the inner surface of the dura mater and the outer arachnoid

membrane. The first evidence of this secondary perimedullary condensation is

found in pig embryos of about 17 mm. In these specimens, in the narrow space

formed by the mesencephalic flexure, mesenchymal cells collect together in the form

of a fairly definite membrane. After its primary beginning in this area, the narrow

line of its thickening may be traced to the basis cranii in embryos a little larger.

In slightly older stages this secondary line of condensation is found to be fairly exten-

sive throughout the area between the middle and posterior cranial chambers.

At a stage of 20 to 21 mm. the whole basilar portion of the cranium shows

evidence of this secondary line of condensation lying between the pia mater and the

cartilaginous skull. The condensation occurs in the outer portions of the loose tissue

which, as shown in a foregoing section (No. vn) becomes the subarachnoid trabec-

ulse. The line of condensation is not broad on section; it comprises a cell-layer

from three to six cells in thickness. Between this cellular border and the cartilagi-

nous skull the tissue rapidly differentiates (a process seemingly synchronous with

the development of this membrane). This tissue, which maintains dural relation-

ships, is far more cellular and compact than the original perimedullary mesenchyme.

Even without the rather dense line of division in the mesenchymal tissue, the dural

structure can be easily outlined by its characteristic appearance.

The original dural condensation between the two wings of nervous tissue which

unite in the mesencephalic flexure can be traced in slightly later stages around into

the tentorium cerebelli. This structure develops as a wholly similar mesenchymal

thickening in the midst of the perimedullary mesenchyme. The tentorium consists in

these embryos of 20 to 25 mm. of two thin lateral plates which widen at their cranial

attachments into prismatic areas. These areas, which finally lodge, in the two layers

of dura, the sinus transversus, are characterized by the same dense type of mesen-

chyme. The peripheral edges of the prismatic portion of the tentorium spreads

caudalwards as a definite line of condensation. In the earlier stages this line

becomes indefinite as it extends from its tentorial attachment, but finally a similar
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line of condensation about the whole posterior chamber may be made out. This

lies within the area of the cartilaginous skull and bounds the subarachnoid spaces.

This same process of formation of dura holds for the formation of the basilar

dura in the more anterior portions of the cranium. The appearance of the secondary

zone, narrow and rather dense, may be made out inclosing the more cellular mesen-

chyme which extends to the cartilaginous skull. The same process also endures

for the formation of the dura of the calvarium, but here the addition of tissue from

the undifferentiated mesenchyme is undoubtedly very small in amount. This will

be discussed in a later paragraph. The various stages in the formation of this

secondary condensation which goes to form the major portion of the dura may be

fairly well studied in any one embryo of suitable stage, because the process, as

pointed out above, begins in the basilar portion of the cranium and extends upward.

Likewise, the condensations directly beneath the region of the dorsal membrane

are delayed as compared to those of the lateral regions.

Some of the phenomena shown in the formation of the dura mater are illustrated

in figures 46, 76, 77, 78, 79, and 94. Throughout these figures the letters dmc

refer to the line of the secondary mesenchymal condensation, which borders inter-

nally the dura and which goes to form the outer membrane of the arachnoidea.

In figure 46, a photomicrograph of a pig embryo of 32 mm., the dura mater

(dmc) is shown as a somewhat condensed tissue separated a slight distance from the

chondro-cranium. On the basilar surface, the inner line of dural tissue is quite

remote from the inner surface of the basioccipital. Tracing this line of condensa-

tion forward, it is soon seen to merge more closely with the perichondrium* of the

basioccipital. More anteriorly it again leaves the occipital plate and after a brief

interval it fuses with the temporal perichondrium. Continuing slightly more

anteriorly the dural process toward the mesencephalic angle may be made out; this

appears as a doubled membrane at its basal attachment. In its further prolongations

the dural surface is at times a distinct structure; at other times it is completely
fused with the perichondrium.

Posteriorly, in this figure 46, the line of dural condensation (incorporated also

with the outer arachnoidea) may be traced upward around the cisterna cerebello-

medullaris. This line of condensation is seen to lose its definitive character as it

curves inward toward the chorioid plexus of the fourth ventricle a phenomenon
shown particularly well in figures 77 and 79, taken from the same pig embryo of 32

mm. The dura in this termination may be said to be in its formative stage; but

dorsally, over the mesencephalon, the inner surface of the dura again becomes a

definite membrane, as shown in figures 76 and 78. In the latter figure it is shown

inclosing a wide mesh of dural vessels, between the arachnoidal surface and the

membranous skull. Anteriorly, again, it seems to lose its definite line of con-

densation.

*The term "perichondrium" is used throughout this paper to designate only the very dense cellular line delimiting
the edge of the cartilage. This dense zone is composed of the nuclei of the cartilage, crowded together, and represents
probably some phenomenon of the growth or resorption of the cartilage. In a much broader sense, the whole dural tissue,

lying between the line of secondary condensation and the cartilaginous border, could be termed "perichondrium,
"

as it

probably represents the sole internal membrane which could be stripped from the cartilage.
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Quite similar pictures are obtained regarding the dura mater in the human

embryo. The relationships of the dura to the cisterna cerebello-medullaris are

shown in figure 94, a photomicrograph of a human fetus of 35 mm. (No. 199 in the

collection of the Carnegie Institution). In this reproduction the line of secondary

mesenchymal condensation (representing the outer membrane of the arachnoidea

and the inner surface of the dura) becomes widely separated from the occipitale

superius in its superior portion.

In a fetal pig of 8 cm. the same general arrangements of the dura mater could

be made out. The inner surface of the dura was in places still fused with the outer

arachnoid membrane, but in other places the areas of attachment were lacking, so

that a true separation of arachnoid from dura had taken place. Along the peripheral

points of the tentorium the dura and arachnoid were still closely applied to each

other. The dura itself was of the same cellular, rather loose tissue, with a dense

inner surface. In places, as described in the younger stages, the dural tissue was

incorporated with the definitive perichondrium over certain cartilages or even over

parts of the same structure. In other places a definitive perichondrium may be

wholly lacking; in these areas the indefinite cartilaginous border gradually merges
into the dura. In still other situations an intermediate arrangement of dura and

perichondrium exists, where the cartilage is bounded by a somewhat condensed but

not fully developed perichondrium which is continuous with the dura. Everywhere
in the membranous sutures between the cranial cartilages or bones, the dura bridges

the gap as a loose, cellular tissue. Over the calvarium the dura appears solely as a

dense, rather fibrous membrane which is incorporated with and serves as the inner

periosteum. This dura over the hemispheres is continuous with the fibrous sutures

of the cranial vault.

The findings in a fetal pig of 98 mm. were not dissimilar to those just recorded.

The dura was everywhere quite well developed, a rather loose cellular tissue except

over the hemispheres, where it showed a more fibrous character. In the region of

the occipito-atlantoid ligament the dura was fused with the ligamentous tissue,

while above (over the occipitale superius) the dura became a distinct, thick cellular

layer. The structure of the tentorium was wholly similar to the occipital dura. In

the basis cranii there are areas in which the dura is wholly fused with the periosteum
or perichondrium; in other areas it bridges the sutures or exists as a definite mem-
brane on the inner surface of a definite perichondrium.

The dura mater in a fetal pig of 15 cm. did not vary greatly from those larger

stages already described. The tissue, however, had become somewhat more

fibrous. The prismatic attachment of the tentorium was no longer as large propor-

tionately, but the dura lining the occipitale superius remained a thick bulbous swell-

ing on the dorsal surface. But most striking of all the features in the specimen
was the very dense fusion of the dura of the calvarium with the fibrous sutures of

the cranium. No line of demarcation between dura and fibrous suture could be

made out; the two fibrous layers are anatomically one structure.
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The falx cerebri forms in the pig and human embryo by a process similar to

that of the inner portion of the dura mater. In the sulcus between the two cerebral

hemispheres the mesenchyme remains undifferentiated until quite late; then there

appears in the posterior portion a narrow zone of condensation which soon presents

two lateral surfaces separated by a layer of rather loose cellular tissue, similar in

all regards to the dural tissue already described. This zone of condensation spreads

forward to comprise the whole falx. The double surfaces of this membrane finally

separate into two parts, forming the outer surface of the arachnoidea and the inner

surface of the falx. At the cranial attachment of the falx, the loose tissue forms

a prismatic base, containing the superior sagittal sinus and spreading laterally over

the denser dura of the calvarium. The whole appearance of this region, which will

again be referred to, is that the falx has been added onto the dura of the vertex.

Its time of initial appearance is later than that of the rest of the cranial dura and

there is apparently no additional acceleration of development. Hence the dural

tissue in the falx cerebri presents, in appropriate stages, a more immature type of

differentiation than does the adjoining dura.

The process of the formation of the dura is not wholly a simple one due to the

relation of the adult dura to, or its function as, the inner periosteum of the skull.

In the figures already referred to, the almost complete fusion in some areas of the

inner line of dural condensation with the perichondrium has been commented upon.

In other situations definite separations of the inner dural surface from the peri-

chondrium occurred; in still other regions no perichondrium could be made out as

a definite membrane. These differences in relationships of the dural tissue to the

line of the perichondrium can not at present be wholly explained, but some indica-

tion of the meaning of the process can be given.

Out of the original cranial blastema, as described by Gaupp< 19
), there develops

the cartilaginous and bony skull, the periosteum, and the dura. But the observa-

tions recorded above indicate that by far the major portion of the dura is formed by
a secondary mesenchymal condensation, which was indicated by a thin zone of

more condensed cells on its inner border. This inner zone ultimately separated to

form the inner surface of the dura and the outer membrane of the arachnoidea. The

tissue included between this inner line of condensation and the cranial wall gradually

differentiated into a more condensed but still a loose cellular tissue and finally

became a fibrous dura.

In all cases the dural tissue extends from the inner line of condensation to the

cranial blastema, to the perichondrium, or to the cartilage of the skull. The pres-

ence of a definitive perichondrium can not at present be explained, but apparently

the perichondrium is manufactured by the cells of the original cranial blastema and

not by the dural tissue which lies in approximation to it. When a definite peri-

chondrium is found, it seems quite uninfluenced by the dura; at other times a fusion

of an indefinite perichondrium with the dura seems to occur. The fusion of the

perichondrium with the dural tissue derived from the secondary mesenchymal con-

densation may occur, so that the small outer portion of the dura may be derived
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from this layer. The findings, however, in this investigation, are against any addi-

tion of perichondrium to the dural tissue; histologically, a definitive perichondrium
is a membrane entirely apart from the dural condensation.

Over the cerebral hemispheres the dura of the cranial vault offers more diffi-

culties of study than does that of the basilar regions. With the formation of a

blastemal condensation over the whole vertex an extension of the dorsal membrane
to form the membranous skull there occurs very quickly a condensation to form

the dura. This condensation may be first detected as a continuation anteriorly

of the leaflet of the tentorium cerebelli, which stretches forward from the prismatic

zone of the tentorial attachment. This zone of condensation is wholly similar to

the narrow line of the mesenchymal thickening which was found in the more basilar

regions of the skull. This zone of condensation occurs just within the cranial

blastema and may be traced upward over the mesencephalon and laterally around

the rapidly enlarging hemispheres. As the distance from the cerebellar attachment

increases, the zone tends to approach the blastema, except in those regions in which

the precursors of the dural veins occur. In such a situation this inner dural zone

swings inward to encompass the vessels. Between this inner line of the dura (repre-

senting also the outer surface of the arachnoid) the same rather loose cellular tissue

exists.

From the falx cerebri a zone of dural condensation in the mesenchyme spreads

laterally also; this gradually may be traced anteriorly and laterally until fusion

with the similar lines of condensation from the basis cranii and the prismatic zone

of the tentorium are reached. The condensation connected with the falx cerebri,

however, is not an extensive process, the greater part of the hemispheres being
covered by the development from the basis cranii and from the tentorium. It must
be understood, however, that there is no active migration of this line of condensa-

tion, for the whole process is a development in situ. The appearance of an active

extension is derived solely from the study of various stages and the increased area

of condensation appears as an increment which has developed at the terminal points

of the previous condensation.

The amount of dural tissue delimited in the mesenchyme by the secondary
zone of condensation is not great in the region of the vertex. It is a thin layer which

fuses to the inner surface of the cranial blastema. At the stage of this fusion the

blastema has become somewhat fibrous and it constitutes the membranous skull.

In this fibrous tissue (the union of the blastema and the dura) bone is deposited, but

only in the outer layers. The phenomenon is easily studied in any suitable stage,

for the sutures between the flat cranial bones remain incorporated with the inner

membrane the dura which includes the periosteum. Hence, over the cranial

vault, the dura and periosteum become incorporated as a single membrane; this

serves as the membranous skull, into the outer layer of which bone is deposited.

In the basis cranii, as soon as ossification of the cartilaginous skull takes place,

the dura becomes incorporated as the periosteum in a manner similar to that which

takes place in the cranial vault. While no definite relationship of dura to the peri-
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chondrium could be made out in the earlier stages, the later function of the dura as

the inner cranial periosteum is quite obvious. Thus the adult relationships of the

dura are obtained. But it is quite difficult to decide to what extent the dura (or

internal cranial periosteum) is derived from the primary cranial blastema. It

seems probable that this blastemal condensation, in its final resolution into bone,

may contribute, in the form of a periosteal element, somewhat to the formation of

the dura. Such an addition is very difficult of verification; certainly the greater

part of the dura is derived by the secondary condensation from the perimedullary

mesenchyme.
Before giving details of the fibrosis of the dura, it may perhaps be interesting

to point out a peculiarity of the primary cranial blastema, which does not seem to

be connected directly with the formation of the dura. This concerns the tendency
of the membranous skull to form more than one layer in its original zone of conden-

sation. In certain areas, as in figure 64, from a human embryo of 21 mm., the dorsal

membrane is shown split into two layers. Somewhat similar to this is the occur-

rence of two zones in the cranial blastema of a pig embryo of 23 mm. (figs. 22 and

101) . In this latter figure a less cellular outer layer and a more cellular inner layer are

seen. Neither of these have particular significance in the formation of the meninges,

although the inner layer in early stages actively functions as a fluid retainer.

The question of the development of fibrous tissue in the dura mater in the

course of its development requires consideration here. This phase of the problem

concerning the formation of the pachymeninx has been followed, in this study, in

the dura of the vertex about the sinus sagittalis superior. The tissue was removed

in blocks, including the meninges and cortex cerebri, and was then sectioned in the

coronal plane. For the most part the deposition of fibrous tissue was studied in

sections stained with hematoxylin and eosin; the findings were controlled by treat-

ing other sections from the same blocks with Mallory's connective-tissue stain.

In this way the general histogenesis of the dural tissue could be well investigated.

Sections from such a block from a human fetus of 76 mm. (No. 1134, Carnegie

collection) showed the dura to be composed of fibrous tissue everywhere except in

the region of the great sagittal sinus. About this sinus an immature, almost embry-

onic, type of loose myxomatous tissue was observed. The fibrous tissue comprising

the dura elsewhere is of a quite cellular, somewhat immature type of white connec-

tive tissue, with a considerable number of true fibrils. A wholly similar picture is

found in a section, stained by Mallory's method, of a block from a fetal pig of 80 mm.

(fig. 104). Unfortunately the cellular character of the fibrous dura is not brought

out, but the photomicrograph shows well the avoidance of the lateral walls of the

sinus by the process of fibrosis. The more embryonic type of tissue in the region

between the hemispheres is also well presented.

The dura mater of a human fetus of 100 mm. (No. 928-E, Carnegie collection)

possesses fewer nuclei in a given area than does the dura from the specimen of 76 mm.

(No. 1134). The tissue is fibrous, except in the immediate region of the sinus

sagittalis superior; but interspersed among the connective-tissue fibrils are many
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stellate or spindle-like nuclei, greatly exceeding in number the nuclei found in the

dense dura of the adult. Bone is being laid down in the outer portion of this dura

where it merges with the membranous skull. The lateral walls of the great sinus

are still free from fibrillar depositions. A somewhat analogous picture is afforded

by a photomicrograph of a specimen stained after Mallory's method, from a fetal

pig of the same length (fig. 105). In this specimen the outer portion of the dura,

incorporated into a part of the membranous skull, is quite dense with the fibrous

tissue; about the superior sinus, however, the decrease in the amount of fibrous

tissue is very striking. The falx is beginning to exhibit a fair degree of fibrillar

structure; it forms a definite division between the two hemispheres.
In the larger fetuses, above 100 mm. in length, the process of formation in the

dura of denser and denser connective tissue proceeds rather slowly. It is realized,

however, that this fibrous transformation in fetuses of 10 cm. is very extensive, the

region about the sinuses alone remaining comparatively free from the development
of the fibrils. The chief difference between the dura of this stage and the dura of

the adult is a greater number of cell-nuclei in the fetal membrane. It is well, then,

to consider the cellular character of the fibrous membrane and the region about the

sinuses in the larger stages.

In a human fetus of 125 mm. (No. 900-H) the dura is quite fibrous, but still

contains an increased number of the stellate and spindle forms of nuclei; likewise,

about the superior sinus the tissue is an immature myxomatous structure, fairly free

from connective-tissue fibrils. This increased number of nuclei in the dural tissue

holds also for human fetuses of 165 mm. (as in No. 745), but seems slightly decreased

as compared with the smaller specimens. The lateral wall of the great sagittal

sinus in this stage possesses distinct bands of white fibrils, but the tissue is much
looser and more cellular than the fibrous dura over the hemispheres. These phe-

nomena may be made out in similar stages of the fetal pig, as shown in figure 106,

a photomicrograph from a specimen of 17 cm. In this specimen, treated by
Mallory's stain, the superior longitudinal sinus is shown surrounded by a clear zone

in which the deeply staining fibrils are comparatively few in number. On each

lateral wall of the venous channels distinct fibrous bands may be made out, lying

in the looser, more immature tissue. The lower portion of the falx has assumed

quite an adult character.

Gradually the conversion of the tissue about the cerebral sinuses into the adult

structure progresses. Thus, in both human and pig fetuses of 20 cm. length, the

dura mater has acquired practically all of its adult features. Everywhere over the

cerebral cortex the dura is characterized by dense layers of interlacing strands of

white fibrous tissue, but the number of nuclei in these bundles may still be slightly

greater than in the adult structure. In the more posterior regions, at this stage of

20 cm., the lateral walls of the sinus sagittalis superior are found to be completely

occupied by the white fibrous tissue; in the anterior portion of the sinus much
thinner tissue, resembling myxomatous structure, appears, as shown in figure 107.

But in this specimen the invasion of the area about the great venous channel by
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fibrils has begun; isolated bundles may be made out everywhere in the lateral walls

of the sinus. This freedom from connective-tissue formation does not persist,

however, and the area is gradually invaded by the continued growth of the fibrils.

The avoidance of the region about the sinuses by the connective-tissue resolution

will be further commented on in the following subdivision of this paper.

The dura, then, develops probably first in connection with the mesenchymal con-

densation which ultimately forms the bony skull and a portion of the dura (the cranial

periosteum). It first becomes apparent, as a structural unit, as a more cellular layer

differentiated, by a secondary condensation, out of the periaxial mesenchyme. As
the chondrogenous stage is approached it becomes differentiated as a distinct layer,

maintaining varying relationships with the inner perichondrium of certain of the

cranial bones. At a stage of 40 mm. in the fetal pig, the dura of the vertex may be

dissected out as a distinct, somewhat fibrous layer. The process of fibrous-tissue

transformation, however, is slow; the dura until late in fetal life shows an increased

number of nuclei, as does any young connective tissue. The invasion of the region

about the superior longitudinal sinus by connective-tissue fibrils is much more tardy
than is the transformation over the hemispheres.

THE SUBDURAL SPACE AND THE MESOTHELIAL LINING OF THE DURA.

The subdural space (cavum subdurale) has been the subject of controversy in

regard to its role in the pathway of the cerebro-spinal fluid. Before the work of

Key and Retzius^29 ) the view was held that the cerebro-spinal fluid occupied the sub-

arachnoid space in the spinal cord, but that in the cranium the subdural space
afforded an analogous pathway. This conception was largely due to the fact that,

in dissection on fresh material, the dura and arachnoid in the spinal region are found

to be in approximation; in the cranium the greater adhesion, by trabeculae, of the

arachnoidea to the pia renders the freeing of the dura from the leptomeninges the

simplest line of cleavage. This view was entirely disproved by the beautiful injec-

tions of Key and Retzius, who demonstrated the anatomical and physiological con-

tinuity of the subarachnoid spaces.

With the introduction of this latter view by Key and Retzius the conception

of the subdural space naturally changed. These Swedish investigators demonstrated

a typical mesothelial cell-lining on the inner surface of the dura, as shown by the

method of silver reductions. Without an intimate connection with the true

cerebro-spinal fluid, the subdural space has come to be looked upon as somewhat

analogous to the serous cavities of the body. Quincke^
46

), after a subdural injection

of cinnabar granules, ascertained that communications existed between the subdural

and subarachnoid spaces, but only in the direction from subdural to subarachnoid.

Leonard HilK24), from the results of physiological experiments, assumed that fluid

passed from the subdural to the subarachnoid space, and in the reverse direction,

with great ease. The more recent investigations, however, lend evidence to the

view that in the normal animal with undisturbed intracranial pressure relations the

two spaces are physiologically as well as anatomically separate. The current
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impression that the subdural space is in many respects a serous cavity will probably

finally have greatest support ;
intimate connections with the lymphatic system are,

however, entirely lacking in the dura.

The development of the subdural space must necessarily follow the develop-

ment of the dura. It has been mentioned that in fetal pigs of 50 mm. the dura can

be freed from the arachnoid by gross dissection, but that at this stage many areas of

adhesion between the two membranes exist. Such an observation has considerable

bearing on the subdural space. For in the development of this space two processes

must proceed far enough to permit the separation of the dura and arachnoidea by
the capillary layer of fluid. The first of these processes, in order of probable impor-

tance, concerns the condensation of mesenchymal cells to form the outer membrane
of the arachnoidea. This thickening and resolution into a true membrane takes

place in close approximation to the inner surface of the dura. The second factor

concerns the covering of this inner surface of the dura with mesothelial cells.

The lining of the subdural space by mesothelial cells can be readily demon-

strated on the inner surface of the dura by silver reductions, but the outer membrane
of the arachnoid does not permit of a similar technique. This technical failure in

regard to the outer arachnoid surface is probably to be accounted for by the dis-

similarity in cell-structure in the two situations. Similar difficulties have been

encountered by other observers.

In order, then, to ascertain, if possible, at what stage a really adult subdural

space could be demonstrated, the inner surface of the dura from fetal pigs of various

lengths was subjected to treatment with silver nitrate. After the reduction had

taken place to a sufficient degree, the whole dura was washed with distilled water,

stained with hematoxylin, and cleared in glycerin. The pictures afforded by this

method were quite satisfactory, and the technical procedure was so simple and

reliable that considerable faith could be placed in the absence of the intercellular

reduction lines.

The smallest fetal pig in which a typical mesothelial cell-pattern could be dem-

onstrated on the inner surface of the cranial dura was one of 50 mm. In this speci-

men the inner surface of the dura was not uniformly covered with the mesothelial

cells; certain ragged areas seemed to represent the points of adhesion of the arach-

noid to the dura. Figure 108 is a reproduction of a drawing made from one of the

areas in this specimen where a mesothelial cell pattern could be seen. The drawing
shows many of the characteristics of mesothelial cell-patterns of other parts of the

body. The irregularities in the cell-borders, the frequent accumulations of the

reduced silver in the cellular angles, and the general cellular pattern are quite typical;

but the variation in the size of the cells, as shown in figure 108, is also somewhat

different from the usual finding in the adult, where there is considerable constancy in

the size of the cells. About half the cells in this fetal pig of 50 mm. are diminutive in

size; the smallest are hardly a third the size of the largest. Transitions between

the smallest and largest cells are also shown in this figure. It is difficult to ascertain

whether these smaller cells represent young elements which have not yet reached
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their maximal growth; no evidence of cellular division, as evidenced by mitotic

figures, has been observed, although in this connection it must be granted that the

cleared specimens are hardly the most favorable. Undoubtedly this explanation of

the smaller cells would seem to be the true one, but there is little proof for the view,

except their absence from the adult dura and their disappearance in larger specimens.

This disappearance of the smaller mesothelial cells is not rapid, but is seemingly

delayed over into the larger fetuses; thus, in figure 109, a similar preparation from a

fetal pig of 75 mm., corresponding smaller cells are outlined. On account of the

absence from the field of the drawing of the larger elements, these cells do not appear

relatively as great in number as in the preceding figure. Likewise, in figure 110

every gradation in cell-size is shown, in a specimen made in the same manner from a

dura of a fetal pig of 90 mm.

Very slowly in the course of growth of the fetus the cells lining the inner surface

of the dura reach their standard size and compose the mesothelial surface, with

very little variation in size. The process, however, is apparently very tardy, even

though the fetus at 16 cm. shows an inner surface to the dura which is largely com-

posed of standard cells (fig. Ill); but even in this figure, from a relatively large

fetus, the standard size of the cells has not been attained, for a few cells of small

size appear in the drawing. In other respects the whole pattern, in general appear-

ance, resembles closely the adult.

It seems most fair to assume that the occurrence of a true mesothelial cell-

pattern on the inner surface of the dura represents the initial establishment of a

subdural space. On this basis the subdural space may be said to occur in fetal

pigs 50 mm. in length; in the present investigation it has been found impossible

to demonstrate the existence of the mesothelial cell-pattern in fetuses smaller than

50 mm. The separation of the dura, possible by gross dissection in pig fetuses of

40 mm., suggests that the space may be found at a slightly earlier stage than that

in which the mesothelial cells have been demonstrated.

Anatomically the subdural space in pig fetuses resembles in every particular

the adult space in cats and dogs; this was described in a paper^
55) published in 1914.

In the large pig fetuses injections of solutions of potassium ferrocyanide and iron-

ammonium citrate were made into the spinal subarachnoid space. After precipi-

tating the foreign salts as prussian-blue, the injection is found to be wholly within

the subarachnoid spaces, both in the spinal and cranial regions; the subdural space

is absolutely free from any evidence of connection with the subarachnoid space.

These findings wholly accord with the opinion concerning the adult subdural space

which has been repeatedly expressed.

THE COMPETENCY OF THE EARLY DURA AS A CELLULAR MEMBRANE.

During the stage when the condensation of mesenchyme to form the cranial

blastema is pronounced the spread of the cerebro-spinal fluid becomes more and

more extensive. In these stages, when the pig embryo measures from 16 to 25 mm,

approximately, the outer membrane of the arachnoid is not yet formed, the arach-
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noid spaces extending from pial to blastemal condensation. When in these embryos
the cerebro-spinal fluid is replaced by the ferrocyanide solution and the embryo

kept alive for some time, the course of the injection may be traced to varying extents

throughout the periaxial tissue. To this spread of the injection fluid (a true solu-

tion, during the progress of the experiment), however, the blastemal condensation

of mesenchyme opposes an absolute barrier. This peculiarity of the early conden-

sation may be readily seen in figures 16 and 18. At this stage in development the

blastemal thickening may be said to play the role of the outer membrane of the

arachnoidea or of the inner surface of the dura.

This feature of the blastema as an impenetrable membrane an absolute

barrier to the passage of fluid is found also to endure during injections of the ferro-

cyanide solution under pressures sufficient to rupture other parts of the central

nervous system. Similarly, the early blastemal condensation resists the inflow of

the other injections used (india ink and silver nitrate) under similar pressure condi-

tions. In later stages the injection solutions, from ventricular or subarachnoid

introduction, do not reach the dura. This is due to the development of an outer

membrane of the arachnoidea and the formation of the subdural space. The

arachnoid membrane when formed does not permit fluid to pass outward into the

subdural space; but the competency of the early blastemal condensation in the

mesenchyme affords a very good example of the perfect function of a tissue as a fluid-

barrier.

An interesting phase of the competency of the secondary mesenchymal con-

densation (forming dura and outer membrane of arachnoid) may be seen in the

region of the cisterna cerebello-medullaris. Here, as shown in figure 77, the zone of

secondary condensation, while complete below, does not remain definitive above as

the mesenchyme sweeps inward to the chorioid plexuses. At such a stage of 32 mm.
in the pig, a replacement experiment would show no penetration of this secondary
dural condensation by the foreign solution, where the condensation made a definitive

membrane; above, however, in the region of the plexuses, a limited penetration by
the introduced fluid could be made out.

X. THE RETURN OF CEREBRO-SPINAL FLUID TO THE VENOUS SYSTEM.

The question of the exact mode of return of the cerebro-spinal fluid to the general

circulation has interested many investigators. It has occasioned a large amount

of work, with the presentation of several hypotheses. Key and Retzius(29
), from the

results of injections of colored gelatin into the spinal subarachnoid space, held that

the cerebro-spinal fluid returned through Pacchionian granulations into the great

dural sinuses. Other workers, following Key and Retzius, were dissatisfied with this

theory, because of the apparent lack of these granulations in infants and in the lower

animals. CathelinW, with but little evidence, hypothecated an absorption of the

fluid by way of the perineural sheaths into the lymphatic system, although the physi-

ological findings of Ziegler^
57

), Reiner and Schnitzler(48>, Leonard HilK24
), and others

made it necessary to consider a direct absorption into the blood system. GushingW
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premised the drainage of fluid into the great sinuses through a valve-like mechanism.

Dandy and Blackfan^ 10) suggested its absorption by the capillaries of the pia-arach-
noid an untenable hypothesis in view of the work of Kadyi<

28
), Shroeder van der

KohV51
), Ekker^ 11

), AdamkiewiczW, and others. Still another conception of the

process has been advanced by Mott(41
), namely, that the absorption of cerebro-spinal

fluid isone of the functions of the cerebral capillaries. In a previous investigation^
55

),

making use of a method similar to the one here employed in the replacement experi-

ments, evidence was presented indicating the drainage of cerebro-spinal directly

into the great dural sinuses through arachnoid villi. These structures represent an

invasion of arachnoid tissue through the lateral wall of the sinuses.

In view of the findings in adult laboratory animals, interest naturally turned,

during the course of this work, to the process of drainage of the embryonic cerebro-

spinal fluid. The evidence afforded by the replacement experiments with the ferro-

cyanide solution indicated that in pig embryos of over 20 mm. cerebro-spinal fluid

circulated throughout most of the periaxial tissue, and that in embryos of about

26 mm. the periaxial distribution was complete, the relations of the fluid at this

stage becoming adult. With this evidence before us, the question of the drainage
of the fluid became important. Was the absorption process similar to the normal

adult procedure, or was it entirely lacking, the production of the fluid being balanced

by the growth of the nervous system and its meningeal spaces?
The question of the absorption of cerebro-spinal fluid was approached in the

embryo in a similar manner to that employed in the adult animal. The problems
incurred by the use of abnormal intracranial pressures were eliminated by the method
of replacing, without disturbing the normal tension, the embryonic cerebro-spinal
fluid with the ferrocyanide solution. The embryo was then kept alive and was

finally fixed in a preservative which would precipitate the replaced fluid as prussiari-

blue. This procedure was carried out in many embryos of varying lengths and the

specimens were subsequently stained in serial sections.

The smallest embryo in which any evidence of absorption of the fluid from the

periaxial tissue was obtained was a pig embryo, 23 mm. in length. In this specimen

granules of prussian-blue could be traced through the mesenchymal spaces (arach-

noidal) to the inner wall of the sinus transversus. The sinus is well differentiated at

this stage in the human embryo of 21 mm., as demonstrated by Streeter^54). The
wall of the sinus in this pig embryo was quite thin, the mesenchyme lending the

endothelium but little support. The prussian-blue granules could be traced directly

through the endothelial wall of the sinus, and a few were identified lying free in the

lumen. The conditions of the observations, permitting a flow of venous blood

through the sinus, undoubtedly accounted for the fact that but few of the granules
were found lying free in the sinus. This passage of the replaced fluid into the lateral

sinus is portrayed in figure 21, taken from the pig embryo of 27 mm.
The same process of drainage of cerebro-spinal fluid may be observed in pig

embryos more than 23 mm. in length. In all but one particular it corresponds

exactly to the process observed in adult laboratory animals. There is the same lack
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of absorption on the part of the cerebral veins and embryonic capillary plexuses.

In the adult, however, the process is not diffuse, but is confined to the arachnoidal

villi, while in the embryo a considerable extent of the inner wall of the sinus lying

in the mesenchymal tissue, which is breaking down to form the arachnoidal spaces,

serves as a site for the fluid passage. In these earlier stages the sinus transversus

functions as the chief sinus of absorption. This is probably to be explained by the

primary basilar spread of the replaced cerebro-spinal fluid and also by the fact that

the true sinus sagittalis superior is a much later addendum. In the human embryo,

according to Streeter(54), it is found in stages of over 50 mm.
The absorption of cerebro-spinal fluid in the embryo seems to follow the direct-

ing agencies which operate in the adult. Increase in the pressure employed in the

injection of true solutions results in the drainage of more of the fluid, as determined

by subsequent microscopical examination. This suggests that the process is deter-

mined by factors other than that of diffusion; it seems most likely that here, too,

the process is one of nitration, with a possible distension of the cellular membrane,
so that intercellular spaces are opened. The histological picture of the sinus wall,

however, undoubtedly gives the impression that the fluid has passed almost solely

through the cytoplasm of the endothelial cells and likewise through the layer of sup-

porting mesenchyme. These findings are in accord with observations on the adult.

With dilute suspensions of india ink as the injection mass, the results are quite

different in regard to the passage of the material into the sinus. Replacement

experiments making use of this suspension of particulate matter yield no evidence,

as the carbon granules do not leave the ventricular system. Likewise, simple injec-

tions of the suspension into either the central canal of the spinal cord or into the

perispinal spaces furnish no information unless the syringe-pressure be high. In

this case the carbon granules may be traced into the sinus transversus, which is

apparently the point of least resistance. Because of the obscuring of the picture by
the carbon it can not be determined histologically whether the granules pass into

the sinus in the same manner as does a true solution, or whether the passage is

effected by numerous small ruptures of the tissue. The impression gained from our

study would incline one toward the latter view.

If the injection of india ink be made under very great pressure from a syringe,

the segmental veins may be filled with the carbon. This filling is always subse-

quent to its flow into the sinus transversus. But in no case was an evidence of a

flow into lymphatic channels observed.

The process of drainage of the cerebro-spinal fluid into the venous system of

fetuses will not be detailed here. This undoubtedly concerns a study of the forma-

tion of arachnoidal villi and of the differentiation of the lateral walls of the superior

sagittal sinus, the best site for this study. The material at hand is not suited for

this investigation, so that postponement is necessary.
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XI. THE CHORIOID PLEXUSES AND THE ELABORATION OF
CEREBRO-SPINAL FLUID.

With the realization that at a definite period in embryonic life, cerebro-spinal

fluid passes from the cerebral ventricles into the periaxial spaces, it seemed desirable

to ascertain what relationship existed between the developing chorioid plexuses and

the elaboration of the fluid; for with the extension of the fluid into the periaxial

tissue it becomes obvious that the balance between the development of the intra-

ventricular fluid and the volume of the ventricles is destroyed and that more fluid is

being elaborated than can be contained within the medullary-canal system. This

relationship between the ventricular volume and the production of cerebro-spinal

fluid has been described at some length in a preceding section of this communication.

The determination, then, of the exact role played by the chorioid plexuses in the

further extension of the fluid into the periaxial tissue appeared to be of importance,

for it could be conceived that the embryonic ependymal cells might be capable of

elaborating the excess of fluid. With this purpose in mind the chorioid plexuses

were investigated from morphological and cytological standpoints, in the hope that

some index might be afforded as to the assumption of function on the part of the

developing chorioid plexuses. These methods of study were applied solely to the

chorioid plexuses of pig embryos, for it is from them alone that evidence of the period

of extraventricular extension of the cerebro-spinal fluid has been obtained.

THE DEVELOPMENT OF THE CHORIOID PLEXUSES.

The development of the chorioid plexuses is so well understood that only a very
brief outline will be given here. The general scheme of origin of these glandular

structures concerns a gradual histological differentiation in certain localities of the

ventricular ependyma. The ependyma of the roof of the fourth ventricle thickens

along the transverse invagination (plica chorioidea) and then gradually becomes

tufted in villous projections into the ventricle, following the ingrowth of a capillary

plexus and supporting mesenchyme. This general process of differentiation occurs

at first along the lateral portions of the plica; the central portion of the ependyma
remains unaffected by the villi even when the tufts have become quite well differ-

entiated (fig. 23).

Quite similar to this process of development of the plexus chorioideus of the

fourth ventricle is the differentiation of the other plexuses. The plexus of the third

ventricle develops as an infolding of the tela chorioidea of the roof. In every case

the process holds of ependymal invagination and subsequent vascularization and

suspension by mesenchymal ingrowth.

The histological differentiation of the ependymal cells into the glandular type
of plexus, as first determined by Luschka^34) and Faivre^15), is hardly satisfactory

as an index of the production of fluid, as the secretory phenomena of the adult cells

have not as yet been completely established. The researches of Pettit and Girard^43),

dealing with the correlation of histological changes in the chorioidal cells and their

functional state, first furnished reliable evidence that these cells give rise to cerebro-
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spinal fluid. Since the publication of their investigations in 1900 many workers

Meek(37
), FindlayW, Pellizzi(42), Mottf41

), Hworostuchin'26
), EngeK12

), and others-

have been concerned with this problem and have established on fairly definite bases

the relationship of the plexuses to the production of the fluid. The histological

appearances of the secretory cells, however, does not rest on incontrovertible ground,
as has been stated in a previous paper^

55
).

The process of differentiation of the ependymal cells which form the glandular
elements of the chorioid plexuses occurs with the invagination and tufting of these

structures. The various stages of transformation from the low type of cubical

epithelium constituting the ependymal layer are shown in various figures in this

paper. The nuclei of these cells assume basilar positions and the outer zones of the

cytoplasm become granular with their greater height. The process is rather a slow

one, as might be expected from the fact that the whole villus is gradually enlarging
and becoming more and more tufted.

The histological differentiation of the plexuses need hardly concern us here,

except as an index of the assumption of function. The final completion of this

change into the adult morphology occurs at a much later stage of development than

our evidence indicates for the establishment of a cerebro-spinal circulation. It

becomes obvious, then, that the final histological changes are not necessary for

the process of elaboration of the fluid. This assumption seems warranted also by
the fact that the embryonic fluid contains much more albuminous material than

does the adult fluid.

The time of appearance of the chorioid plexuses in relation to the extraventric-

ular spread of the fluid would surely seem to offer undoubted evidence in regard to

the first elaboration of the fluid by the plexuses. It has been shown that in pig

embryos over 14 mm. in length the replaced solution in the cerebro-spinal system

spreads from the roof of the fourth ventricle into the periaxial tissues. This extra-

ventricular extension occurs practically simultaneously with the first indications, in

the pig embryo, of the formation of the chorioid plexuses of the fourth ventricle.

Thus, in a pig embryo of 14 mm., the primitive thickening and tufting of the epen-

dyma of the roof of the fourth ventricle may be observed (fig. 32). In earlier stages

no definite evidence of this developmental process is found.

From the first indication of a developing chorioid plexus in a pig embryo of

14 mm., the growth of the tufts progresses rapidly, so that at 18 mm. the process is

well advanced. In embryos of 20 mm. and over the tufts of the plexuses in the

fourth ventricle are quite marked, as shown in figures 22, 44, 46, and 92.

The chorioid plexuses of the third and lateral ventricles appear at a somewhat
later stage than do those in the more caudal ventricle. Thus the first indication of

their appearance in pig embryos is found in specimens measuring 19 mm. in length.

This coincides well with the further extension of the replaced fluid in specimens
of 19 mm. and over. The definite differentiation of these plexuses, however, does

not actually take place until the embryo reaches a length of 23 mm. a fact sug-

gestive of some relationship to the complete periaxial spread found in embryos of

this measurement.
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Considered, then, as a whole, there seems to be a very definite relationship

between the developing chorioid plexuses and the periaxial spread of the embryonic

cerebro-spinal fluid
;
for immediately after the first appearance of chorioidal tufting

in the roof of the fourth ventricle (at 14 mm.) the replaced injection spread appears

in the periaxial tissue (fig. 3). This extraventricular spread does not become

marked until a length of 19 mm. is attained (fig. 5) a factor in accord with the elabo-

ration of the villi in the chorioid plexus of the fourth ventricle. The periaxial

spread remains localized in the rhombencephalic region until the 20 mm. stage is

attained, when it rapidly becomes pericerebral and perispinal (figs. 6 and 7). This

coincides with the first indications of the chorioid plexuses in the more cephalic

ventricles. But the further spread is here delayed (as in the stages between 14 and

19 mm.) until a length of at least 24 mm. is reached which is perhaps of importance
in the further development of the cerebral plexuses and the greater elaboration of

the cerebro-spinal fluid. Thus it seems possible to conclude that coincident with

the first appearance of the chorioid plexuses a more rapid production of cerebro-spinal

fluid occurs, necessitating the passage of the fluid into the periaxial tissues.

THE GLYCOGEN CONTENT OF THE CHORIOID PLEXUSES.

In the hope that some cytological method might afford direct and incontro-

vertible evidence of the time of the assumption of function by the chorioid plexuses,

stains demonstrating the intracellular presence of glycogen were applied to these

structures. The quantity of the starch in the chorioid plexuses of rat and mouse

embryos, as shown by Goldmann, suggested that this substance might be associated

with the early elaboration of the cerebro-spinal fluid. Furthermore, the presence

in the adult fluid of a definite reducing body, demonstrated by Nawratschi to be

dextrose, added some weight to the hope that a definite conclusion might thus be

afforded.

Several important studies concerning the presence of glycogen in the cells of

the embryonic and fetal chorioid plexuses have been made. Creighton <8> found that

the glycogen of the chorioid plexus was very abundant about the middle of embry-
onic life, while von Loeper concluded that the great content in the cells of the fetal

plexus was characteristic. Goldmann^20) found large quantities of glycogen in the

plexus in rats and mice, not only in embryonic life but also in animals from two to

three weeks old. In the adult plexuses the cells contained no trace of glycogen.

The observations here included were made after fixing the chorioid plexuses of

various pig embryos in absolute alcohol and staining the sections (cut either from

celloidin or paraffin blocks) by Best's carmine method. This technique is similar

to that employed by Goldmann. The staining reaction is such that a very striking

differentiation of the glycogen occurs, but the shrinkage of the embryonic tissue in

the fixation in absolute alcohol is a disadvantage. In these observations the plexuses

from the fourth and lateral ventricles were used.

As shown in the table on page 94, glycogen could be identified in the cells

of the chorioid plexuses in pig embryos varying in length from 28 to 155 mm.
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Below the first measurement no glycogen was demonstrated by the method em-

ployed; above the higher limit in only one instance (series No. 41) was glyocgen
found. This finding of a limited period in the embryonic life of a pig during which

glycogen occurs in the cells of the chorioid plexuses does not coincide with Gold-

mann's observations on the rat and mouse. Furthermore, it was found here that

in stages up to 100 mm. the glycogen was practically generally distributed through-
out all the cells of the chorioid plexus, occurring with great regularity in every villus

and cell. This general distribution was not found in the plexuses of embryos over

1 10 mm. in length ;
in these more advanced stages the cells containing starch occurred

in clumps, giving a localized distribution. In the stages under 100 mm. the glyco-

gen was present in very large amount, as estimated histologically. As the stages

advanced the quantity of glycogen decreased rapidly. This great amount of starch

was present in the same stages in which the general distribution of the cells occurred.

Occuirence of glycogen in the clwrioid plexuses of embryo pigs.

C. P.

series,

No.
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entirely in the basilar portion of the cell, central to the nucleus. Furthermore,

in the stages between 30 and 60 mm. the glycogen globules were present in but small

numbers and the glycogen was found in crescentic plaques (fig. 96) . This formation

of definite plaques is apparently to be ascribed to the fusion of the globules when the

amount of glycogen becomes extreme. As far as is known this plaque formation

with glycogen has not previously been noted; in one of Goldmann's figures the

fusion of some of the globules has apparently taken place.

The table on page 94 records the findings in these observations.

The occurrence of glycogen in the cells of the chorioid plexus only during a

certain portion of embryonic life is, as shown by the foregoing table, a fairly definite

phenomenon, but there is surely no indication that this temporary presence of the

animal starch bears any relation to the assumption of function on the part of the

chorioid plexuses. The evidence afforded by the extraventricular flow of the

replaced fluid, with the apparent relationship of the developing chorioid plexuses to

the periaxial extension of the fluid, argues strongly against such an assumption.

XII. PERIVASCULAR SPACES IN THE EMBRYO.

In 1865 His^25), using a puncture injection, found that each nerve-cell existed in

a so-called space. These pericellular spaces connected, as demonstrated by the flow

of the injection mass, with an extensive perivascular network, more complex in its

gray matter than in the white. In all of His's cases continuation of the injection

led to a peripheral spread toward the pia, both in the spinal medulla and in the brain.

Mott(41
), working on the brains of animals in which an experimental cerebral

anemia had been produced by ligation of the head arteries, found the perivascular

spaces enormously dilated and the perineuronal spaces likewise very evident.

Direct connections between the perivascular and perineuronal spaces are pictured

in Mott's communication.

The deduction which Mott made from his findings, regarding the possible

absorption of cerebro-spinal fluid by the cerebral capillary bed from this perivascular

and perineuronal system, was discussed by the present author in a paper two years

ago(
55

). It was there shown that, with the use of true solutions as the injection

(potassium ferrocyanide and iron-ammonium citrate), the whole perivascular system
could be filled. This injection of the spaces, however, occurred only when the

pressure conditions within the cranial cavity were such that the subarachnoid

pressure exceeded the vascular tension. This reversion of the pressure relations

was accomplished by maintaining at normal the subarachnoid pressure with the

injection fluid, and occasioning a simultaneous and complete vascular anemia.

Under the routine conditions of injection (with undisturbed pressure relations) no

injection of the perivascular system from the subarachnoid space resulted. It was

found impossible to inject the perivascular system, using granular suspensions as the

injection mass, without employing pressures far above the normal.

From these results here recorded briefly, the belief was expressed in this former

paper that each nerve-cell was surrounded by a capillary space which drained along
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the perivascular channels into the subarachnoid spaces. Probably this system

represents a mechanism for accessory tissue drainage comparable physiologically

to the lymphatic channels of the other parts of the body.
In view of these findings in the adult mammal it seemed desirable to ascertain

at what period of intra-uterine life such function was acquired. It also seemed not

unlikely that information of interest might be acquired from the embryonic intra-

medullary circulation which would amplify our knowledge of this system in the adult.

It was thought that there might be a correlation between the production of the

perivascular fluid and the enlargement of the subarachnoid channels, similar to

the evident connection between the chorioidal invagination and the extraventricular

spread of the fluid.

Experiments to demonstrate possible perivascular and perineuronal spaces were

first attempted on rather large fetuses (pig), as follows: The spinal meninges were

exposed in a fetus in which the heart was still beating vigorously. Into the spinal

subarachnoid space was introduced a needle connected with a small reservoir, con-

taining the injection solution (potassium ferrocyanide, 0.5 gm. ;
iron-ammonium

citrate, 0.5 gm. ; water, 100 c.c.). The reservoir was then adjusted so that a pressure

of 160 mm. of water was maintained in the subarachnoid space. The arteries and

veins in the neck of the fetus were then severed, and the subarachnoid pressure

maintained at its former level. At the end of 20 minutes the head was placed in a

fixative containing 1 per cent hydrochloric acid.

This procedure, as outlined above, in the adult laboratory mammal, usually

resulted in a complete injection of the perivascular system. In the embryo, how-

ever, the procedure was uniformly unsuccessful. The injection solution, as shown

subsequently by the precipitated prussian-blue, rarely ascended over a centi-

meter above the point of injection. This indicated that the existent cerebro-spinal

fluid was not replaced by the injection solution, and that the failure to demonstrate

the perivascular system was to be explained on this basis, if the system were func-

tional at this stage. Attempts were then made to replace the subarachnoid fluid

with the injection solution before the cerebral anemia occurred. These attempts
likewise met with failure, because of the impossibility of keeping the heart beating

for any length of time in the larger pig fetuses. Other attempts were also made to

demonstrate these channels, in larger pig embryos, by means of a procedure which

in the adult gave at times good injections of these intracortical canals. This

method differed from the method first employed only in the maintenance of a high

pressure (100 mm. Hg) in the spinal subarachnoid spaces. It likewise met with

failure, due apparently to the same causes which occasioned its failure in the adult :

the high subarachnoid pressure operated chiefly to compress the cerebral and spinal

tissues, rendering the injection of the perivascular spaces impossible.

The same procedures were attempted in smaller pig embryos (15 to 60 mm.).
The method usually successful in demonstrating the spaces (subarachnoid pressure

slightly above normal, with subsequent cerebral anemia) failed, apparently because

the cranial cavity at these stages is in no sense a rigid closed box, as in the adult.
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Any method of service in the adult which must have in consideration the physical

character of the skull as a closed box was here necessarily doomed to failure.

Together with these technical failures to demonstrate a perivascular system,

it must be borne in mind that these are merely failures to demonstrate the existence

of the perivascular system in the pig embryo. The system will probably be demon-

strated as soon as a suitable technique is devised. The spaces are very likely present

soon after the capillary plexus invades the nervous system, but the observation in

many histological preparations of the spaces around the cerebral vessels must not

be considered as offering proof of their existence, because of the likelihood of

shrinkage influencing the picture. It is interesting, however, to note that elasticity

of the cerebral tissues seems greatest along the course of the blood-vessels, for here

the phenomenon of shrinkage is most frequently observed. The existence of the

perivascular and permeuronal spaces, probably of only capillary thickness, must

remain in the embryo as in the adult a subject of physiological demonstration;

histological evidence, except with proper physiological regard, is of no value.

The early development and function of such a system as the perivascular and

perineuronal canals afford seems most likely from the standpoint of pure speculation.

It is not improbable that fluid is poured from this system into the embryonic sub-

arachnoid space at a period soon after the capillary plexus invades the cerebrum.

There is no evidence, however, from the observations recorded in foregoing para-

graphs, that adequate subarachnoid channels are afforded until the pig embryo
reaches a length of about 25 mm. The hypothesis of Essick^ 13 ) regarding the

damming of the perivascular fluid as the cause of the two cava corporis striati is of

extreme interest in this connection. It remains, however, for future work to afford

real evidence in regard to the embryonic perivascular system.

XIII. THE PERINEURAL SPACES IN THE PIG EMBRYO.

The question of the existence of potential or actively functional spaces around

the peripheral nerves is of great interest, partly because of the possible relation of

these spaces to the developing lymphatic system, and also on account of the anatom-

ical evidence of the possible existence of such spaces.

It is realized that before much dependence can be placed on any theory regarding
these potential spaces around the cerebro-spmal nerves, the possibility of their being

purely artifacts must be dealt with. The methods of demonstration, in the adult,

in the hands of the earliest workers were such as to favor the production of artifacts.

As far as can be ascertained, CotugnoW, dealing with the nervus ischiadicus, was the

first to conceive of these possible spaces. His method of demonstration consisted

in filling the spinal subarachnoid space with mercury (in a cadaver placed in the erect

posture) . Globules of the mercury were subsequently found about the sciatic nerve

in what then became the perineural spaces.

Modern anatomical interest in these spaces was aroused by the remarkable

injections of Key and Retzius^29). These investigators, by means of gelatin injec-

tions into the spinal subarachnoid space, were able to demonstrate perineural
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spaces around the cranial nerves, especially around the optic pair. Their results,

however, are open to criticism, because of the excessive pressures employed ("not
over 60 millimeters of mercury") and because the injections were made in fresh

cadavers kept warm for periods of 10 or more hours.

Some of the difficulties concerned in the problems of the perineural spaces were

cleared up in a study(
55) of the cerebro-spinal circulation published in 1914. In this

work injections of true solutions (similar to those used in the present study) were

introduced into the spinal subarachnoid space in living cats and dogs, under pressures
but slightly exceeding the normal intraspinal tension. These injections were con-

tinued for several hours, and the course of the injection fluid was then established

by precipitating the solution in situ. By means of this procedure, which it was
believed approached the physiological, the perineural spaces around the cranial

nerves could be demonstrated. In these adult laboratory mammals the cerebral

nerves without exception showed prussian-blue granules in a perineural relation,

extending outward along the nerves beyond the termination of the dural cuff. This

extension of the injection mass outward was more striking around the first two cranial

nerves than about any of the others. Thus, the olfactory nerves uniformly showed

perineural deposits beyond the cribriform plate, extending downwards into the

nasal epithelium, while the optic nerves were surrounded by the granules in the

infravaginal sheath, which spreads out over the posterior surface of the eyeball. The
caudal cranial nerves were likewise characterized by extensive perineural injections.

These findings were interpreted as evidencing a true perineural space, probably
of only capillary thickness, which could be injected by filling the cerebro-spinal

spaces with a demonstrable true solution. As far as could be made out under the

microscope, they had no appreciable existence except when filled with the precipi-

tated true solution. These spaces were not filled in the early moments of the injec-

tions under low pressures, and could be demonstrated only when the injection had
been continued for several hours.

The perineural spaces are quite different from the spaces surrounding the spinal

ganglia and the ganglia of the cranial nerves. These ganglia lie in the true sub-

arachnoid space, with the dura investing the arachnoid membrane. Distal to the

ganglion the dura ends upon each nerve. In the injection under low pressure with the

ferrocyanide the cranial and spinal ganglia were all surrounded by the precipitated

salts; the cranial nerves showed extensive perineural injections, whereas the spinal

nerves rarely showed a true perineural injection, and then only of limited extent.

The existence of perineural spaces in the embryo, however, has been under

dispute. The larger nerves in sectioned embryos almost invariably show spaces
about them, either a complete separation of the surrounding mesenchyme or a

partial dilatation of the mesenchymal interstices. Sabin^49), in 1902, noted that hi

perispinal injections with india ink the spinal nerves could be outlined by the carbon

granules, but in no case did such an injection run into true lymphatic channels.

No evidence was afforded by her work of any lymphatic channels arising from these

apparent perineural channels.
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In the course of this investigation of the cerebro-spinal spaces interest naturally
turned to the perineural spaces. In the typical experiments (a replacement of the

embryonic cerebro-spinal fluid with a demonstrable true solution in the living

embryo), there was evidence of a spread of the replaced solution around the cranial

nerves. Because of the procedure used (merely a filling of the ventricles and central

canal of the spinal cord) no evidence of a perineural spread occurred until the foreign

solution passed into the periaxial tissues. Here the spread chiefly involved the

caudal cranial nerves curving around the lateral surface of the medulla in fan-

shaped processes (figs. 5, 6, 8, and 9). The spread, however, was not extensive.

In figure 8 a similar slight spread along the spinal nerves is to be made out. Closer

study of these cleared specimens, and examination of the same and of similarly

injected embryos after serial sectioning, convinces one that the apparent perineural

spread in these cases extends around the sensory ganglia and not further toward the

periphery. In no case, either in the caudal portion of the cranial or in the spinal

region, has the replaced injection fluid passed the blastemal condensation of mesen-

chyme. This finding is well shown by the distribution of the injection fluid in

figures 9, 16, and 18.

The optic nerves, however, possessing ganglia in the retina, usually show, in the

typical replacements in the living embryo, a partial or complete surrounding of the

nerves by the precipitated prussian-blue. An incomplete example of this more

typical, according to these observations, than a total circumvention is given in

figures 19 and 20. The higher-power reproduction of this field is very interesting.

It shows in the central portion the fiber bundles comprising the optic nerve, sur-

rounded by mesenchyme and the developing ocular muscles. In the region between

the nerve and the muscles is an undifferentiated mesenchyme which is characterized

by a crescent of the precipitated granules of prussian-blue. The non-penetration of

the surrounding tissue by the ferrocyanide is very well brought out in this drawing.
The prussian-blue has reached its position about the nerve by extension from the

pericerebral spaces; actually it has still the same distribution as noted in figure 8

above. The adult dura will completely surround the optic nerve in its whole extent;
the subarachnoid space will likewise extend unbroken to the posterior surface of the

eyeball. Hence it must be assumed that in this case the perineural space does not

extend beyond the peripheral ganglion. With regard to the olfactory nerves, no
evidence of a perineural spread was obtained in specimens of pig embryos up to 45

mm. in length.

It seems obvious, then, that in the embryo pig true solutions, when substituted

for the cerebro-spinal fluid, do not extend peripherally along the nerves any further

than does the dura in the adult. The replaced fluid (if, as appears most likely, it

indicates the true circulation of the cerebro-spinal fluid) extends only through the

future subarachnoid space. Such a conclusion is best supported by the observations.

The only discrepancy between the findings in the pig embryo and those in the adult

with the same method lies in the fact that in the adult the cranial nerves showed a

much more extensive perineural injection. This seeming discrepancy may be
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accounted for in two ways. In the first place, the experimental replacement in the

embryo pigs lasted at most one hour (due to the fact that the embryo's heart

frequently ceased beating at the end of this tune), while in the adult cat or dog they
were continued for several hours; and it was only in the long-continued experiments
hi the adult that the extensive perineural injections were obtained. On this basis

it seems more than likely that the communications between peripheral perineural

spaces and the subarachnoid space are very small and that diffusion must account

for the slow filling of the peripheral system. The second explanation seems un-

doubtedly to concern the tune of development of these perineural spaces in the

embryo. It may be that the spaces are morphologically non-existent until late in

fetal life; in that case, of course, it is not strange that they have not been filled

with the injection fluid.

From the observations recorded above it is quite apparent that in the typical

experiment in which the normal cerebro-spinal tension is not increased no evidence

of the perineural space, as injected by Miss Sabin, has been adduced. However,
the possibility of injecting these spinal spaces as was done by Miss Sabin is easily

demonstrated. The injections may be made with ease, either with . granular sus-

pensions or with true solutions. Success invariably attends such an injection into

the perispinal tissues. The injection solutions easily run out around each nerve,

more readily, apparently, in the younger embryo than in the older. It is not clear

whether this difference is due to the fact that in younger embryos the resistance is

greater to the perispinal flow and less peripherally, or merely to the fact that a

greater amount of fluid must be introduced in order to attain the same result.

Careful repetition of these observations has led to the conclusion that such a demon-

stration of the spinal perineural spaces results from excessive pressures of injection.

Whenever the pressure exerted by the injection is but slightly above the normal, or

does not exceed the normal (as in replacements), the perineural spaces are not

injected around the spinal nerves. Miss Sabin's conclusions from her results, that

no connection exists between the spaces and the lymphatic system, seem to be

wholly substantiated by these observations.

The apparent perineural spaces around the embryonic nerves must be looked

upon as artifacts. In tissue carefully fixed, dehydrated, and embedded, there is

no real evidence of these spaces. Their size apparently varies with the care observed

in the histological technique.
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XIV. GENERAL SUMMARY.

In the foregoing sections of this communication some of the problems concerned

with the embryology of the cerebro-spinal spaces have been discussed and observa-

tions have been presented in the hope that a better conception of the processes might

obtain. It is purposed to present here briefly the results of these observations and

to attempt to correlate the findings so far as is possible; and in this, as in the detailed

reports in the preceding pages, the relationship of the physiological processes con-

cerned will be referred to the morphological changes in the developing embryo.

As a means of studying the physiological extent of the embryonic cerebro-spinal

spaces, a method of replacing the medullary fluid with a foreign solution was devised.

The procedure consisted in substituting, in the living embryo, a solution of potas-

sium ferrocyanide and iron-ammonium citrate for the cerebro-spinal fluid. The

embryos were then kept alive, for periods of about an hour, by placing them with

the attached placentae in an incubator at 38. At the end of this time, which varied

in the many experiments, the whole embryo was fixed in a medium containing

hydrochloric acid, thereby precipitating an insoluble prussian-blue. Specimens

prepared in this manner were studied after sectioning or after clearing by the

Spalteholz method.

Pig embryos, subjected to such experimental replacements, exhibited only an

intraventricular retention of the foreign solution until after a stage of 14 mm. was

attained. In the earliest specimens, embryos of about 9 mm., there was no charac-

teristic distribution of the foreign solution, except that it remained within the medul-

lary-canal system. In stages of about 13 mm. the replaced fluid also was retained

within the cerebral ventricles, but in these specimens a dense accumulation of the

precipitated prussian-blue may be made out in a distinct oval in the superior portion

of the rhombic roof. This granular aggregation occurs against a histological differ-

entiated area in the roof of the fourth ventricle an area which represents apparently

the more epithelial-like elements of the earlier roof-plate. This area must be consid-

ered solely as a differentiation of the epidermal lining of the medullary-canal system.

In living pig embryos of 14 mm. and over, the result of the routine replacement

of the ventricular cerebro-spinal fluid was a slight extraventricular spread into the

tissues posterior to the rhombic roof. The passage of this foreign solution outward

occurred through the same area of ependymal differentiation, outlined by the col-

lection of granules against its inner surface in the previous stage. The extraven-

tricular spread remains definitely localized to a very small conical area which does

not rapidly increase in size.

The factors which cause this initial flow into the pericerebral spaces are of

interest. It follows that in the growth of the embryo the production of the intra-

ventricular and intraspinal cerebro-spinal fluid must necessarily keep pace with the

increasing size of the cerebral ventricles. It is also necessary for the occurrence of

an extraventricular spread of the fluid that the production of the fluid within the

ventricles must exceed the amount required to keep the medullary-canal system

filled. From our knowledge of the elaboration of the adult cerebro-spinal fluid, it
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is impossible to conceive of the production of a true cerebro-spinal fluid in the peri-

medullary mesenchyme. Such a view would be a reversion to the old hypothesis

of Haller, who regarded the leptomeninges as the elaborators of the fluid. Likewise,

the passage of the replaced foreign solution into the extraventricular spaces would

render such a hypothesis untenable.

Hence, it becomes incumbent to regard such an extraventricular spread of the

experimental solution as an indication that the production of the cerebro-spinal

fluid within the cerebral ventricles exceeds the capacity of the ventricles to care for

the fluid. This argues strongly that the process of elaboration of the fluid in these

pig embryos of 14 mm. is no longer sluggish, but that an active production, sufficient

to cause a slight extraventricular flow during the observation, is now taking place.

This acceleration of the flow is not great, but it represents a marked change hi

the relationship of the process of fluid elaboration to the increasing volume of the

ventricles.

It seemed desirable to endeavor to correlate this extraventricular spread of

the experimental fluid with the morphology of some intraventricular structure at

this critical stage of 14 mm. in the pig embryo. The first evidences of villous

tufting in the chorioid plexus of the fourth ventricles were found to occur at this

stage in the pig. Other studies of this plexus, particularly those which concerned

the occurrence of glycogen in these glandular cells, were found to offer no additional

evidence of value in regard to the onset of function hi these structures. The corre-

spondence between the initial tufting of the ependyma to form the rhombic chorioid

plexuses and the initial extraventricular spread must be regarded as of the utmost

importance. It would appear most likely that as soon as the chorioid tufts occurred

an increased production of cerebro-spinal fluid took place, necessitating an extra-

ventricular expulsion of the excess of fluid. Such a view receives the utmost support
from these recorded observations; it is in keeping with the best conceptions of the

processes of production of cerebro-spinal fluid in adult mammals.

With the initial pericerebral extension of the experimental fluid occurring hi

pig embryos of about 14 mm., the further extension of this spread did not occur until

after a length of 18 mm. was attained. At this stage the replaced foreign solution

passed from the fourth ventricle through two areas in the roof-plate. The chorioid

plexuses now have divided the roof into two portions; from each, fluid escaped.

The superior area of fluid passage is the same which was concerned in the initial

outpouring of the ventricular fluid. The inferior area, like the superior, is an area

of ependymal differentiation, of which the first evidence may be made out in pig

and human embryos of 15 mm. This differentiation consists in the transformation

of the densely staining ependymal elements into cells with larger nuclei, poor hi

chromatin, and with more abundant cytoplasm.
After the functional employment of the two membranous areas is established at

about 18 mm. hi the pig, the further pericerebral spread of the replaced solution

occurs very rapidly. The peribulbar tissues are filled with the fluid and from this

region extensions occur downward into perispinal spaces and upward into the more
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basilar pericerebral spaces. Thus, the spinal spaces must be considered as develop-

ing physiologically from above, and not from below upward, as Reford found. The

complete filling of these perispinal spaces is found in pig embryos of 21 mm. At
this stage the pericerebral spaces are filled, with the exception of those around the

superior portion of the midbrain and about the cerebral hemispheres.

The final filling of all the periaxial spaces occurred in pig embryos of about

26 mm. This phenomenon may be taken to indicate the establishment of the true

cerebro-spinal relationships of the adult, for in this case there is an intraventricular

production of the fluid and an extraventricular spread. Likewise, the fluid returns

to the venous system in embryos of over 23 mm., and this escape of the fluid from its

periaxial bed is, as in the adult, directly into the venous sinuses of the dura mater.

The rapidity of the further extension of the replaced solution after the stage of

18 mm. is passed is apparently due to a second marked acceleration in the rate of

production of the ventricular cerebro-spinal fluid. As in the first instance, this

increased elaboration seems connected ultimately with the formation of the chorioid

plexuses of the third and lateral ventricles. As soon as these tufts develop, the

cerebro-spinal fluid is produced in amounts which far exceed the quantities for which

the more slowly enlarging ventricles can provide.

The histories of the two area? membranacese of the fourth ventricle are dissimilar.

Both are areas apparently differentiated from the normal lining ependyma for a

specific functional purpose the passage of fluid from the ventricles into the future

subarachnoid spaces. The superior membranous area reaches its maximum func-

tional importance in the stages of 18 to 20 mm. in the pig and also in the human

embryo and from these stages on it slowly regresses. The final obliteration of the

area, if it do not persist as an occasional small remnant, is due to the increasing

growth of the cerebellum and the enlargement of the chorioid plexuses of the fourth

ventricle. On the other hand, the inferior membranous area continues to increase

both in size and functional importance after its initial differentiation from the

ependyma; it finally occupies the greater portion of the velum chorioidea inferior.

These observations can not solve the interesting question of a perforation of the

inferior velum to form the foramen of Magendie.
Of the factors which influence the passage of fluid outward into the periaxial

spaces, it must be realized that probably there is difference in this regard between

the true solutions of the salts and the colloidal suspensions. For the true solutions

(as in the experimental replacements) diffusion probably plays some role; but that

this is not the sole factor is shown by the failure of the fluid to pass through the

membrane in the stages under 14 mm. The findings of the granules of prussian-blue

within the cytoplasm of the cells of this membrane indicates that the fluid passage is

similar in every way to that through a true membrane. There is also a possible

site of fluid passage between the cells of this membrane. But, surely, the most

important factor in this process is one of filtration of the fluid from the point of

higher pressure to one of lower. This is indicated by all of the findings: that the

increased production of the fluid or the increased intraventricular pressure (whether
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due to normal or experimental agencies) causes a marked extraventricular spread
seems firmly established. For the colloidal suspensions (particularly the protein
of the normal ventricular fluid) a slower process of diffusion and filtration seems the

probable agency for passing the ventricular colloids into the subarachnoid spaces.
That the results obtained by the method of replacement were not solely due

to diffusion, but represent a filling of the physiological extent of the cerebro-spinal

spaces, has been shown in many ways, but probably the chief argument against such

a view is that wholly similar extensions of the foreign solution may be obtained by
injections under mild pressures from a syringe; with increasing pressures these

injections show the same type of spread, but always in a smaller embryo than the

replacement method demonstrates as the standard for a given stage of the extension.

The results recorded in the foregoing pages indicate also that suspensions (india ink)

and true solutions (when powerful precipitants) are valuable only for affording

comparisons in problems concerning the normal processes of absorption.
Of interest in any discussion of the results of injections into the perispinal spaces

or into the spinal central canal are the findings in regard to the perineural spaces.

It is possible to inject such spaces around each of the segmental nerves, but only
when the pressures of injections are extreme. In no case, however, were such

injections found to enter the lymphatic system a finding in accord with the obser-

vations of Reford and Sabin. The physiological importance of these spaces in the

adult is probably great, but the same methods of demonstration (with carefully

controlled pressures) which suffice in the adult are unavailing in the embryo.
The origin of the three meninges from the perimedullary mesenchyme is well

established. His, Kolliker, Sterzi, Farrar, and others have placed this conception
on a very firm basis. Most of the investigators have been concerned with the

differentiation of the spinal meninges, while the observations here reported have been

concerned solely with the cranial portion of these membranes. In general, the same

phenomena in the transformation of the primitive periaxial mesenchyme as recorded

by these earlier workers may be found in the cranium. The division of the primitive

mesenchyme by a secondary condensation, a view advanced chiefly by Salvi, seems

well supported. The findings in the cranium are in accord with this conception;

the outer portion of this primitive meninx becomes the dura mater, the inner forms

both the pia and arachnoid. The processes in the formation of the arachnoid are,

however, quite diversified and concern both the formation of the subarachnoid

spaces and the outer membrane of the arachnoid.

Out of the rather loose-meshed periaxial mesenchyme, the subarachnoid spaces

develop. The process concerns the transformation of the small "tissue spaces"
of this mesenchyme into the larger subarachnoid channels, which are interrupted by
the well-known arachnoid trabeculse. Well-marked stages in this metamorphosis,
which begins in the basis cranii, can be made out. The first appearance of a differ-

entiation is seen in the gradual increase in the size of the mesenchymal mesh. This

is closely associated with an increased amount of an albuminous coagulum which in

a measure fills the larger interstices. Following this initial dilatation of the spaces
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occurs a breaking-down ofsome ofthe syncytial strands; these ruptured mesenchymal

processes then retract and adhere to the persisting trabeculae. The process con-

tinues with the formation of larger channels in this mesodermal tissue, with also

the formation of the permanent arachnoidal trabeculae. Throughout these larger

spaces, hi the smaller fetuses, the coagula of protein material are everywhere found,

the remains apparently of the albuminous portion of the circumambient fluid.

In the formation of the various cisternse, particularly the great cisterna cerebello-

medullaris, the process of the dilatation and confluence of the original mesenchymal

spaces reaches its maximum. Here the breaking-down of the original syncytial

strands proceeds to such an extent that very few of the strands remain to persist

through life.

Such a process of the enlargement of mesenchymal spaces to form the larger

subarachnoid spaces, as described in some measure by His for the spinal meninges,

is apparently intimately connected with the circulation through these spaces of the

embryonic cerebro-spinal fluid. The fluid flows everywhere through the spaces, as

evidenced by the replacement experiments and by the increased content in albumen,

before the process of enlargement of the mesenchymal spaces begins. It seems most

likely that this circulation of the fluid acts as the causative agent in initiating and

probably also in completing the enlargement of the "tissue spaces." The great

content of albumen in the embryonic cerebro-spinal fluid has greatly facilitated the

investigation, as the presence of the coagula from this protein has permitted the

absolute exclusion of artifacts in the process of the tissue-dilatation.

This mechanism of enlargement of the tissue spaces finds its analogue in the

formation of the anterior chamber of the eye and in the perilymphatic spaces of

the ear (Streeter). In both these situations, as in the meningeal spaces, there are

special body-fluids, more or less characteristic in their physical and chemical char-

acters, obviously subserving specialized functions. In both the eye and cranium,

the absorption of the fluids is by way of special organs, directly into venous sinuses;

in both, the origin of the specialized fluid is from epidermal organs; this fluid is at

first poured into epidermal spaces and then subsequently into mesodermal spaces

(subarachnoid space and anterior chamber of the eye). Thus, in these situations,

the characteristic fluids have certain definite channels through rather larger spaces,

connected finally with the venous system, and only indirectly with the lymphatic

system.
In no sense must the cerebro-spinal circulation be taken as a portion of the

lymphatic system. Increasing knowledge of the cerebro-spinal fluid, of its physi-

ology and chemistry, and of its pathway, have separated it permanently from any
connection with the lymph of the lymphatic system, variable though that be. No
longer may the meningeal spaces be compared to serous cavities, except possibly

in the case of the subdural space, and this space is really a space apart from the

true cerebro-spinal or subarachnoid spaces. Quite similarly, hi place of the many
varying channels in the dura and to a lesser extent in the leptomeninges, which

older writers considered lymphatic in nature, our increasing knowledge has caused
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the introduction of specialized arachnoidal cell-chains running throughout the

pachymeninx. Unquestionably, the cerebro-spinal fluid possesses its own peculiar

and characteristic pathway, analogous in no way to the lymphatic vessels of other

tissues.

The outer continuous membrane of the arachnoidea forms as a mesenchymal
condensation, at first in common with the inner surface of the dura mater, but soon

separated from it by the subdural space. The very low cubical mesothelium which

covers the arachnoid membrane on both surfaces and also invests the arachnoid

trabeculae differentiates apparently from the original mesenchymal elements in the

periaxial tissues.

One of the most interesting features of this study has been the relation of the

various mesenchymal condensations to the foreign true solution which was intro-

duced into the medullary-canal system. This fluid circulated throughout the peri-

axial spaces which enlarge to form the subarachnoid channels, but it never pene-

trated the primary blastema which served as a primitive dura, nor did it ever invade

the pial cells which so closely adhere to the nervous tissue; likewise, as soon as the

secondary mesenchymal condensation dividing the dura from the arachnoid spaces

appeared, this condensation was impervious to the true solution. No evidence of

any penetration, as might be expected as due to diffusion, could be made out.

This summary has been included in order that some correlation between the

topics discussed separately in the foregoing sections might be made. No attempt
has been made here to present the findings in abstract form; these have been sum-

marized at the end of each division of this communication.
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XV. CONCLUSIONS.

Based on the observations recorded in the foregoing sections, the following

conclusions seem warranted:

(1) During the early part of the growth of the pig embryo there is no extra-

ventricular spread of the cerebro-spinal fluid. The first extension of the ventricular

fluid into the periaxial tissues occurs in pig embryos of 14 mm.; the adult relation-

ship of the ventricular and meningeal cerebro-spinal fluid is established in pig

embryos of about 26 mm.

(2) The ventricular cerebro-spinal fluid escapes into the periaxial tissues

through two areas of ependymal differentiation in the roof of the fourth ventricle.

Both of these areas differentiate at a slightly earlier period than that at which they

function actively. The area membranacea superior undergoes a gradual regression

and obliteration due to the changing form of the rhombic roof; the area mem-
branacea inferior gradually occupies the major portion of the velum chorioidea

inferior.

(3) The embryonic cerebro-spinal fluid, as evidenced by the replacement with

a true solution, spreads from the ventricles into the mesenchymal tissue about the

central nervous system. It does not penetrate the cranial or vertebral blastemal

condensations, nor does it invade the pial cellular layer.

(4) The subarachnoid spaces arise by a process of breaking-down of the peri-

medullary mesenchymal syncytium and a dilatation of the existent mesenchymal

spaces. This phenomenon of the enlargement of the mesenchymal spaces is asso-

ciated with the presence in the spaces of an increased amount of albumen. The

process occurs at a period slightly later than that at which the initial flow of the

cerebro-spinal fluid into the spaces is recorded.

(5) The dura mater, arachnoid, and pia mater develop out of the perimedullary

mesenchyme. The arachnoid trabeculae are left by the breaking-down of the original

mesenchymal strands, while the outer arachnoid membrane is formed, together with

the inner surface of the dura, by a separate mesenchymal condensation. The dura

develops between this secondary line of condensation and the embryonic skull.

(6) There is indicated a very close relationship between the tufting of the

chorioid plexuses of the fourth ventricle and the first extraventricular spread of the

cerebro-spinal fluid.

(7) By means of the method of replacement it is possible to demonstrate peri-

neural spaces as far out along the nerve trunks as the peripheral ganglia. The

extensive injections of the perineural spaces along the segmental nerves are not

obtained by the method of replacement.

The work, of which this paper forms the report, was done in the Anatomical

Laboratory of the Johns Hopkins Medical School. It was largely due to aid

received from the Department of Embryology of the Carnegie Institution of Wash-

ington that the completion and scope of this paper were possible. The writer

gladly acknowledges his indebtedness to the Carnegie Institution.

January, 1916.
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EXPLANATION OF PLATES.

KEY FOR FIGURE-LEGENDS.

ami, area membranacea inferior. dine, dura mater cerebri (inner surface, in pmc, pia mater cerebri.

ams, area membranacea superior. approximation with arachnoid). piili, precipitated prussian-bluc.

cbl, cranial blastema. epc, epithelial-like colls lining ventricle. psn, reduced silver nitrate.

eem, cisterna cerebellc-medullaris. epe, ependyma. saa, subarachnoid spaces.

chp, plexus chorioideus. 4i ventriculus quartus. str, sinus transversus.

PLATE I.

FIG. 1. Drawing of a pig embryo of 9 mm., into the spinal central canal of which an injection of 0.5 per cent solution

of potassium ferrocyanide and iron-ammonium citrate was made under very mild syringe-pressure. The

embryo was fixed in Carnoy's fluid to which 1 per cent hydrochloric acid had been added. The speci-

men was carefully dehydrated and cleared by the Spalteholz method. The resultant precipitate of

prussian-blue is found wholly within the central canal of the spinal cord and within the cerebral ventricles.

Enlargement, 11 diameters.

FIG. 2. Drawing of a pig embryo of 13 mm., in which the cerebro-spinal fluid was replaced by a 1 per cent solution of

potassium ferrocyanide and iron-ammonium citrate. The embryo was kept alive for 90 minutes after

this replacement and was then fixed in 10 per cent formol containing 1 per cent hydrochloric acid. After

dehydration the specimen was cleared by the Spalteholz method. The occurrence of a definite oval,

outlined by the denser mass of the granules, in the roof of the fourth ventricle, is characteristic of this

stage. Enlargement, 9 diameters.

FIG. 3. Drawing of a pig embryo of 14.5 mm. in which the cerebro-spinal fluid was likewise replaced by the ferrocya-

nide solution. After the replacement, the embryo was kept alive for 60 minutes; it was fixed in Carney's
fluid (with 1 per cent hydrochloric acid added) and after dehydration it was cleared by the Spalteholz
method. The earliest indications of a periaxial spread of the replaced fluid from the roof of the fourth

ventricle is here shown. Enlargement, 8 diameters.

PLATE II.

FIG. 4. Drawing of a pig embryo of 18 mm., in which a typical replacement of the spinal fluid had been made. The
animal was kept alive for 45 minutes and was then fixed, dehydrated, and cleared in the usual manner.

The extraventricular spread of the replaced fluid from two areas in the roof of the fourth ventricle is

well illustrated. Enlargement, 9 diameters.

FIG. 5. Drawing of a pig embryo of 19 mm., in which likewise a typical replacement of the cerebro-spinal fluid by the

ferrocyanide solution had been made. After this procedure, the embryo was kept alive for 55 minutes

and was then carried through the routine technique for the Spalteholz method. The further pericerebral

spread of the replaced fluid is recorded. Enlargement, 8 diameters.

PLATE III.

FIG. 6. A frank lateral drawing of a pig embryo of 21 mm. The typical replacement of the embryonic cerebro-spinal
fluid by the ferrocyanide solution was effected in this embryo and it was then kept alive for 45 minutes.

At the end of this time the embryo was fixed in an acid fluid, dehydrated, and cleared. The almost

complete periaxial spread of the replaced fluid is indicated by the precipitated granules. Enlargement,
7.6 diameters.

FIG. 7. A dorsal view of the embryo illustrated in fig. 6. The perispinal spread of the replaced fluid is well shown.

Enlargement, 7.8 diameters.

PLATE IV.

FIG. 8. Drawing of a pig embryo of 26 mm. in which the typical replacement of the cerebro-spinal fluid has been made.
After the introduction of the ferrocyanide solution the embryo was kept alive for one hour; at the end
of this time it was fixed in an acid solution, subsequently dehydrated, and cleared in oil of wintergreen.
The specimen shows a complete periaxial spread of the replaced fluid, as evidenced by the precipitated

granules, in addition to a total filling of the intramedullary system. Enlargement, 6.5 diameters.

FIG. 9. Drawing of a pig embryo of 16 mm., in which the central canal of the spinal cord was injected with the ferro-

cyanide solution under moderate syringe-pressure. After fixation in an acid medium the embryo was

dehydrated and cleared by the Spalteholz method. The extraventricular snread in the peribulbar region

is easily made out. Enlargement, 9 diameters.

Ill
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PLATE V.

Fia. 10. Drawing of a pig embryo of 21 ram., in which an injection of diluted india ink was made into the central

canal of the spinal cord. The pressure employed was the highest obtainable from the syringe, yet below
the tension causing rupture. The specimen, after injection, was fixed, dehydrated, and cleared. The
slight extent of the periaxial spread of the carbon granules can be easily seen. Enlargement, 7 diameters.

FIG. 11. Drawing of a pig embryo of 16 mm., in which an injection (under moderate syringe-pressure) of 0.5 per cent

solution of silver nitrate was made into the central canal of the spinal cord. The silver was reduced in

the sunlight, the embryo then fixed. After dehydration, the embryo was cleared in benzol and oil of

wintergreen. Enlargement, 7.5 diameters.

Fio. 12. Drawing of a pig embryo of 13 mm.; into the central canal of the spinal cord a dilute solution of nitrate of

silver was injected under strong syringe-pressure. Reduction of the silver was accomplished by exposure
to sunlight; the embryo was then fixed, dehydrated, and cleared. Enlargement, 9 diameters.

PLATE VI.

FIG. 13. Photomicrograph of transverse section of a pig embryo of 18 mm. Specimen obtained from an embryo in

which the cerebro-spinal fluid was replaced by a 1 per cent solution of potassium ferrocyanide and iron-

ammonium citrate. After this replacement the embryo was kept alive for 65 minutes. The resultant

prussian-blue precipitate is not included in this photomicrograph. Enlargement, 13 diameters.

Fia. 14. Drawing of blocked area in fig. 13, under higher magnification and including the resultant precipitate of

prussian-blue. The typical ependymal cells (epe) lining the fourth ventricle are shown on either side;

between them occurs the area membranacea superior (ams). The transit of the replacement fluid

through the membranous area and the spread through the adjacent mesenchyme are illustrated. En-

largement, 245 diameters.

Fio. 15. Photomicrograph of transverse section from embryo pig illustrated in fig. 1.3. Section taken from more caudal

plane than that given in the former figure. The prussian-blue spread is not illustrated. Enlargement,
10 diameters.

FIG. 16. Drawing, under higher magnification, of the rectangular area in fig. 15. The passage of the replaced solution,
as shown by the resultant precipitate of prussian-blue, through the area membranacea inferior (ami) is

here illustrated. The extension of the replaced fluid through the adjacent mesenchyme and the non-

penetration of the solution into the condensed mesenchyme are shown. Enlargement, 140 diameters.

FIG. 17. Photomicrograph of sagittal section of a pig embryo of 18 mm. Specimen obtained from an embryo in which
the cerebro-spinal fluid was replaced by a 1 per cent solution of potassium ferrocyanide and iron-ammo-
nium citrate. After this replacement the animal was kept alive for 45 minutes. Fixed for 5 minutes
in 10 per cent fonnol containing 1 per cent hydrochloric acid; then over night in modified Benin's

solution (saturated aqueous solution of picric acid 75, formaldehyde 10, glacial acetic acid 10). Dehy-
drated by 2 and 4 per cent grades of alcohol; embedded in xylol-paraffin. Serial sections, stained by
hematoxylin and eosin. The resultant precipitate of prussian-blue has not been reproduced in the

photomicrograph. Enlargement, 8 diameters.

FIG. 18. Drawing of blocked area in fig. 17 under higher magnification. The granules of prussian-blue are here repre-
sented by the blue stenciling. The transit of the fluid, as shown by the granules, into the periaxial

mesenchyme through the two membranous areas (ams and ami) in the roof of the fourth ventricle are

well shown. Enlargement, 35 diameters.

PLATE VII.

FIG. 19. Photomicrograph from a sagittal section of a fetal pig of 27 mm. The cerebro-spinal fluid in this specimen
was replaced by a 1 per cent solution of potassium ferrocyanide and iron-ammonium citrate; the fetus

was kept alive for 40 minutes; fixed in 10 per cent formol containing 1 per cent hydrochloric acid for

15 minutes; then over night in modified Bouin's solution; dehydrated by 2 and 4 per cent grades of

alcohol; embedded in xylol-paraffin. The prussian-blue granules are not represented in this photo-

micrograph. Enlargement, 8 diameters.

FIG. 20. Drawing of squared area in fig. 19. The center of the field is occupied by the optic nerve; around it the

developing extrinsic optic muscles are shown. The precipitate of prussian-blue occurs in the perineural

mesenchyme. Enlargement, 190 diameters.

FIG. 21. Photomicrograph of rectangular area in fig. 19. The passage of the ferrocyanide solution into the sinus

transversus (str) is represented by the precipitated blue granules. Enlargement, 133 diameters.

FIG. 22. Photomicrograph of a transverse section of a pig embryo of 23 mm. The cerebro-spinal fluid was replaced
in this embryo with a 1 per cent solution of potassium ferrocyanide and iron-ammonium citrate. The

embryo was kept alive for 50 minutes and was then fixed over night in 10 per cent formol containing 1

per cent hydrochloric acid. The granules of prussian-blue are not shown in this reproduction. Enlarge-

ment, 13 diameters.

Fio. 23. Drawing of squared area in fig. 22. The area membranacea superior (ams) is shown, surrounded on either

side by tufts of the chorioid plexus (chp) and the typical ventricular ependyma. The transit of the

solution is shown, as represented by the resultant granules, through the area, with the subsequent spread
into the periaxial mesenchyme. Enlargement, 125 diameters.
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PLATE VIII.

Flo. 24. Photomicrograph of a transverse section of a pig embryo of 8 mm. Fixed in modified Bouin's solution over

night, dehydrated by 2 and 4 per cent grades of alcohol, embedded in xylol-paraffin. Enlargement, 30
diameters.

FIG. 25. Photomicrograph, retouched, of the blocked area in fig. 24. The character of the cells (epc) composing the
roof of the fourth ventricle (4ve) is shown in this reproduction. Enlargement, 165 diameters.

FIG. 26. Photomicrograph of a sagittal section from a pig embryo of 11 mm. Fixed in modified Bouin's solution over

night, dehydrated by 2 and 4 per cent grades of alcohol, embedded in xylol-paraffin. Enlargement, 11

diameters.

FIG. 27. Photomicrograph of the blocked area in fig. 26. The area membranacea superior (ams) in the roof of the
fourth ventricle is shown sharply delimited from the two processes of typical ependyma (epe). Enlarge-
ment, 67 diameters.

Fio. 28. Photomicrograph of a more lateral section of the pig embryo of 11 mm. given in fig. 26. Enlargement, 11

diameters.

FIG. 29. Photomicrograph, under higher magnification, of the blocked area in fig. 28. The lateral border of the area
membranacea superior (ams) of the roof of the fourth ventricle is given. Enlargement, 50 diameters.

Fio. 30. Photomicrograph of a sagittal section from a pig embryo of 13 mm. Fixed in modified Bouin's solution,

dehydrated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 8
diameters.

Fio. 31. Photomicrograph, under higher magnification, of the squared area in fig. 30. The reproduction comprises a

sagittal section of the area membranacea superior (ams) of the roof of the fourth ventricle. Enlargement,
67 diameters.

FIG. 32. Photomicrograph of a sagittal section of a pig embryo of 14 mm. Fixed in modified Bouin's solution, dehy-
drated by 2 and 4 per cent grades, and embedded in xylol-paraffin. Enlargement, 11 diameters.

FIG. 33. Photomicrograph of the blocked area in fig. 32 under higher magnification. The area membranacea superior
(ams) in the roof of the fourth ventricle is reproduced. Enlargement, 75 diameters.

PLATE IX.

FIG. 34. Photomicrograph of a transverse section of a pig embryo of 18 mm. Fixed in Carney's fluid (6:3: 1), dehy-
drated by 2 and 4 per cent changes of alcohol, and embedded in xylol-paraffin . Enlargement, 13 diameters.

FIG. 35. Photomicrograph, under higher magnification, of the blocked area in fig. 34. The area membranacea superior
(amg) is here given, flanked on either side by typical ependyma (epe). Enlargement, 170 diameters.

FIG. 36. Photomicrograph of a transverse section of a pig embryo of 18 mm. Fixed in modified Bouin's fluid, dehy-
drated by 2 and 4 per cent changes, and embedded in xylol-paraffin. Enlargement, 13 diameters.

FIG. 37. Photomicrograph of rectangular area outlined in fig. 36. The extent of the area membranacea superior (ams),
with its adherent coagulum of albuminous material, is well differentiated from the adjacent typical ven-
tricular ependyma (epe). Enlargement, 100 diameters.

Fio. 38. Photomicrograph of a transverse section of a pig embryo of 19 mm. Fixed in modified Bouin's solution,

dehydrated by 2 and 4 per cent grades, and embedded in xylol-paraffin. Enlargement, 13 diameters.
Fio. 39. Photomicrograph, under higher power, of the rectangular area in fig. 38. A small break in the integrity of

the lining ependyma of the roof of the fourth ventricle, representing the irregular boundary of the area
membranacea superior (ams), is given. Enlargement, 290 diameters.

Fio. 40. Photomicrograph of a transverse section of a human embryo of 4 mm. (No. 836 of collection of Carnegie
Institution of Washington). Enlargement, 33 diameters.

FIG. 41. Photomicrograph, retouched, of the blocked area in fig. 40. The epithelial-like cells (epc) composing the
roof of the fourth ventricle (4ve) are here shown separated from the denser nervous tissue. Enlargement,
100 diameters.

PLATE X.

Fio. 42. Photomicrograph of transverse section of pig embryo of 19 mm. Fixed over night in modified Bouin's

solution, dehydrated by 2 and 4 per cent changes of alcohol, and embedded in xylol-paraffin. Enlarge-
ment, 13 diameters.

FIG. 43. Photomicrograph of squared area in figure 42, under higher magnification. The area membranacea superior
(ams) with the attached coagulum of albumen is reproduced. Enlargement, 115 diameters.

FIG. 44. Photomicrograph of sagittal section of pig embryo of 23 mm. Fixed in modified Bouin's fluid, dehydrated by
2 and 4 per cent changes, and embedded in xylol-paraffin. Enlargement, 5 diameters.

Fio. 45. Photomicrograph, under higher magnification, of squared area in fig. 44. The area membranacea superior
(ams) is here shown, delimited by the cells of the chorioid plexus (chp) on one side and by the further

ependymal prolongation (epe) of the cerebellar lip. Enlargement, 88 diameters.

Fio. 46. Photomicrograph of sagittal section of pig embryo of 32 mm. Fixed in modified Bouin's solution, dehydrated
by 2 and 4 per cent changes, and embedded in xylol-paraffin. Certain portions of the dura mater (dmc)
are indicated. Enlargement, 5 diameters.

FIG. 47. Photomicrograph of blocked area in fig. 46, under higher magnification. The small remaining area mem-
branacea superior (ams) is quite surrounded by encroaching ependyma in the chorioidal folds. En-
largement, 88 diameters.
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PLATE X Continued.

FIG. 48. Photomicrograph of transverse section of human embryo of 7 mm. (No. 617 of the collection of the Carnegie
Institution of Washington). Enlargement, 10 diameters.

FIG. 49. Photomicrograph of squared area in fig. 48, under higher magnification. The epithelial-like cells (epc)

composing the roof of the fourth ventricle at this stage are well shown. Enlargement, 100 diameters.

Fio. 50. Photomicrograph of transverse section of human embryo of 7 mm. (No. 617 in the Carnegie Institution of

Washington). Enlargement, 10 diameters.

FIG. 51. Photomicrograph of blocked area in fig. 50. The marked invagination of the roof of the fourth ventricle

(4ve) with the lining of epithelial-like cells (epc) is given. Enlargement, 33 diameters.

FIG. 52. Photomicrograph of transverse section of human embryo of 9 mm. (No. 721 in the collection of the Carnegie
Institution of Washington). Enlargement, 10 diameters.

FIG. 53. Photomicrograph of squared area outlined in fig. 52. The pale, large cells (epc) comprising the roof of the

fourth ventricle characterize the reproduction. Enlargement, 50 diameters.

Fio. 54. Photomicrograph of sagittal section of human embryo of 11 mm. (No. 544 in the collection of the Carnegie
Institution of Washington). Enlargement, 6 diameters.

FIG. 55. Photomicrograph of blocked area in fig. 54. The apparent break in the continuity of the roof of the fourth

ventricle with exudation of the ventricular albumen into the mesenchyme is brought out. Enlargement,
50 diameters.

PLATE XI.

Fio. 56. Photomicrograph of sagittal section of human embryo of 14 mm. measured on the slide (No. 144 of the col-

lection of the Carnegie Institution of Washington). Enlargement, 8 diameters.

FIG. 57. Photomicrograph, under higher magnification, of blocked area in fig. 56. The greater part of the ventricular

wall shown is composed of the area membranacea superior (ams), bounded below by typical ventricular

ependyma (epe). Enlargement, 67 diameters.

FIG. 58. Photomicrograph of sagittal section of human embryo of 17 mm. (No. [576 of the collection of the Carnegie
Institution of Washington) . Enlargement, 10 diameters.

FIG. 59. Photomicrograph of rectangular area in fig. 58, showing the area membranacea superior (ams) of the roof of

the fourth ventricle. Enlargement, 50 diameters.

FIG. 60. Photomicrograph of sagittal section of human embryo of 17 mm. (No. 576 of the collection of the Carnegie
Institution of Washington). Enlargement, 7 diameters.

FIG. 61. Photomicrograph of the blocked area in fig. 60 under higher magnification. The aggregation of epithelial-like

cells (epc) on the lateral border of the area membranacea superior is here portrayed. Enlargement,
67 diameters.

FIG. 62. Photomicrograph of transverse section of human embryo of 18 mm. (No. 409 of the collection of the Carnegie
Institution of Washington) . Enlargement, 7 diameters.

FIG. 63. Photomicrograph, under higher power, of squared field in fig. 62. The peculiar inversion of the roof of the

fourth ventricle (4ve) indicated in fig. 62, has resulted in a marked dislocation of the area membranacea

superior (ams), shown in this figure. Enlargement, 75 diameters.

PLATE XII.

FIG. 64. Photomicrograph, retouched, of a transverse section of a human embryo of 21 mm. (No. 460 of the collection

of the Carnegie Institution of Washington). The field taken consists of a portion of the fourth ventricle

with the lining of typical ependyma (epe) on either side. The area membranacea superior (ams) is

shown between the two lips of ependyma. Enlargement, 33 diameters.

FIG. 65. Photomicrograph, retouched, of a similar section to that given in fig. 64, but taken from a more anterior

plane from the same embryo. The field shown is analogous in every way to that in the preceding figure.

FIG. 66. Photomicrograph of a transverse section of an embryo chick of 121 hours' incubation. Fixed in Bouin's solu-

tion. Enlargement, 15 diameters.

FIG. 67. Retouched photomicrograph, under higher magnification, of the blocked area in fig. 66. The area mem-
branacea superior (ams) is here given, delimited sharply from the lips of ependyma (fpe) which line the

roof of the fourth ventricle. Enlargement, 133 diameters.

FIG. 68. Photomicrograph of a more caudal section from the same embryo as portrayed in fig. 66. Enlargement, 15

diameters.

FIG. 69. Retouched photomicrograph, under higher magnification, of the blocked area in fig. 68. The area mem-
branacea superior (ams) is shown at the point of its greatest transverse diameter. Enlargement, 88

diameters.

FIG. 70. Photomicrograph of a sagittal section of a pig embryo of 15 mm. Fixed in modified Bourn's solution, dehy-
drated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 8 diameters.

FIG. 71. Photomicrograph, under higher magnification, of blocked area in fig. 70. The earliest evidence of the area

membranacea inferior (ami) in the roof of the fourth ventricle is here shown. Enlargement, 125

diameters.
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PLATE XIII.

FIG. 72. Photomicrograph of sagittal section of a pig embryo of 18 mm. Fixed in modified Bouin's solution, dehy-
drated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 1 1 diameters.

FIG. 73. Photomicrograph, under higher power, of the rectangular area outlined in fig. 72. The enlarging area mem-
branacea inferior (ami) is shown in the midst of the typical lining ependyma of the roof. Enlargement,
100 diameters.

FIG. 74. Photomicrograph of sagittal section of a pig embryo of 23 mm. Fixed in modified Bouin's solution, dehy-
drated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 6 diameters.

FIG. 75. Photomicrograph of blocked area in fig. 74. The area membranacea inferior (ami) is, at this stage, quite

extensive, as shown in the reproduction ;
the early stages in the development of the cisterna cerebello-

medullaris may also be seen. Enlargement, 75 diameters.

FIG. 76. Photomicrograph of sagittal section of a pig embryo of 32 mm. Fixed in modified Bouin's solution, dehy-
drated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 7 diameters.

FIG. 77. Photomicrograph, under higher magnification, of blocked area in fig. 76. The unsupported character of the

area membranacea inferior and the formation of the cisterna cerebello-medullaris is here reproduced.

Enlargement, 67 diameters.

PLATE XIV.

FIG. 78. Photomicrograph of a sagittal section of a pig embryo of 32 mm. Fixed in modified Bouin's solution, dehy-
drated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 7 diameters.

FIG. 79. Photomicrograph of the blocked area in fig. 78, under higher magnification. The intact area membranacea
inferior (ami), unsupported by any mass of tissue, is shown separating the ventricular cavity from the

developing cisterna cerebello-medullaris. Enlargement, 67 diameters.

FIG. 80. Photomicrograph of a sagittal section of a human embryo of 16 mm. (No. 406 in the collection of the Carnegie
Institution of Washington). Enlargement, 7 diameters.

FIG. 81. Photomicrograph of the area outlined in fig. 80, but under higher magnification. An early stage in the differ-

entiation of the area membranacea inferior (ami) is given. Enlargement, 50 diameters.

FIG. 82. Photomicrograph of a sagittal section of a human embryo of 17 mm. (No. 576 in the collection of the Carnegie
Institution of Washington). Enlargement, 6 diameters.

FIG. 83. Photomicrograph, under higher power, of the area blocked in fig. 82. The chorioid plexuses of the fourth

ventricle he in the central portion of the field; above is the thick cell-layer on the lateral side of the area

membranacea superior (ams), while below the upper limit of the area membranacea inferior (ami) appears.

Enlargement, 67 diameters.

Fia. 84. Photomicrograph of a transverse section of a human embryo of 18 mm. (No. 409 in the collection of the

Carnegie Institution of Washington) . Enlargement, 5 diameters.

FIG. 85. Photomicrograph of the blocked area in fig. 84. The cellular character, and especially the clumping of cells,

of the area membranacea inferior (ami) is shown. Enlargement, 25 diameters.

Fia. 86. Photomicrograph of a sagittal section of a human embryo of 19 mm. (No. 431 in the collection of the Carnegie
Institution of Washington). Enlargement, 5 diameters.

FIG. 87. Photomicrograph of the blocked area outlined in fig. 86. The area membranacea inferior (ami) appears

separating the fourth ventricle from the developing cisterna cerebello-medullaris. Enlargement, 25

diameters.

PLATE XV.

FIG. 88. Photomicrograph from a sagittal section of a human embryo of 17 mm. (No. 576 of the collection of the

Carnegie Institution of Washington), representing an enlargement of the second blocked area in fig. 58.

The area membranacea inferior (ami) appears sharply delimited from the adjoining typical ependyma.
Enlargement, 67 diameters.

FIG. 89. Photomicrograph of a sagittal section of a human embryo of 23 mm. (No. 453 of the collection of the Carnegie
Institution of Washington). Enlargement, 6 diameters.

FIG. 90. Photomicrograph of the blocked area in fig. 89. The area membranacea superior (ams) appears in the stage
of closure, while the area membranacea inferior (ami) is becoming well differentiated from the typical

ependyma lining the other portions of the fourth ventricle. Enlargement, 26 diameters.

FIG. 91. Photomicrograph of a sagittal section of a human embryo of 26 mm. (No. 1008 of the collection of the Carnegie
Institution of Washington). Enlargement, 4.5 diameters.

Fro. 92. Photomicrograph, under higher magnification, of the blocked area in fig. 91. The area membranacea superior
has been almost completely closed by the dense ependyma of the superior half of the roof of the fourth

ventricle, while the inferior area (ami) has become a membrane lacking wholly the character of ependyma.
Enlargement, 23 diameters.

FIG. 93. Photomicrograph of a sagittal section of a human embryo of 35 mm. (No. 199 of the collection of the Carnegie
Institution of Washington). Enlargement, 3 diameters.

Fia. 94. Photomicrograph, under higher powers, of the blocked areas in fig. 93. The formation of the cisterna cere-

bello-medullaris is shown in relation to the ventricular roof. Enlargement, 23 diameters.

FIG. 95. Drawing of cells of the chorioid plexus from the lateral ventricles of a fetal pig of 132 mm. The specimen was
fixed in absolute alcohol, and stained by Best's carmine stain for glycogen. The glycogen occurs in the

form of globules within the epithelial cells. Enlargement, 950 diameters.

Fia. 96. Drawings of the cells of the chorioid plexus from the lateral ventricles of a fetal pig of 36 mm. The specimen
was fixed in absolute alcohol and stained by Best's carmine method. The glycogen appears in the epi-

thelial eclls in the form of basilar plaques. Enlargement, 950 diameters.
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PLATE XVI.

Flo. 97. Photomicrograph of a transverse section of a pig embryo of 19 mm. Fixed in modified Bouin's fluid, dehy-
drated by 2 and 4 per cent grades of alcohol, and embedded in xylol-paraffin. Enlargement, 10 diameters.

Flo. 98. Photomicrograph, under higher magnification, of the blocked area in fig. 97. The double condensations of

mesenchyme to form pia mater (pmc) and cerebral blastema (cbl) appear separated by a region of mesen-

chyme which is breaking down. This central area of mesencbyme, with the marked albumen-content, is

to become the arachnoid spaces. Enlargement, 133 diameters.

Flo. 99. Photomicrograph of a transverse section of a pig embryo of 20 mm. Fixed in modified Bouin's fluid, dehy-
drated by 2 and 4 per cent changes of alcohol, and embedded in xylol-paraffin. Enlargement ,10 diameters.

FlG. 100. Photomicrograph, under higher powers, of the blocked areas in fig. 99. The relations of the pial condensation

(pmc) of mesenchyme to the nervous system, as well as the infiltration of the arachnoid mesenchyme (sas)

with albumen, is reproduced. Enlargement, 133 diameters.

FIQ. 101. Photomicrograph, under higher magnification, of the blocked area in fig. 22. The reproduction is included
here to show the double condensation (cbl) of mesenchyme which goes to form ultimately bone and pos-

sibly a portion of the dura. Enlargement, 132 diameters.

FIG. 102. Photomicrograph of a transverse section of a pig embryo of 18 mm. The embryo was one in which the

cerebro-spinal fluid was replaced by the ferrocyanide solution. Subsequently the embryo was fixed in

10 per cent formol containing 1 per cent hydrochloric acid for a few minutes to precipitate the prussian-
blue. It was then transferred to modified Bouin's solution, dehydrated by 2 and 4 per cent grades of

alcohol, and embedded in xylol-paraffin. The granules of prussian-blue are not represented in this

figure. Enlargement, 10 diameters.

FIG. 103. Photomicrograph of the squared area in fig. 102. The relation of the thinning mesenchyme in the arachnoid
areas to the caudal cranial nerves is shown. The granules of prussian-blue, scattered through the area

of thin mesenchyme (sas), are not reproduced. Enlargement, 40 diameters.

FIG. 104. Photomicrograph of a coronal section of a tissue block which includes the meninges and cerebral cortex in

the region of the sinus sagittalis superior. The block was obtained from a fetal pig of 80 mm., fixed in

Zenker's fluid, and stained, after embedding in celloidin, by Mallory's technique for connective tissue.

Enlargement, 27 diameters.

PLATE XVII.

FIG. 105. Photomicrograph of a coronal section of a tissue block including cerebral cortex and meninges in the region
of the sinus sagittalis superior. The block was obtained from a fetal pig of 10 cm., fixed in Zenker's fluid,

and stained by Mallory's technique for connective tissue. Enlargement, 13 diameters.

FIG. 106. Photomicrograph of a coronal section, similar to that in figs. 104 and 105, except in that it was obtained from
a fetal pig of 17 cm. The same technical procedures employed in the other specimens were used in this.

Enlargement, 27 diameters.

FIG. 107. Photomicrograph of a similar section to those of the foregoing figures. The specimen was obtained from a

fetal pig of 20 cm. and was treated in the manner outlined above. Enlargement, 20 diameters.

FIG. 108. Drawing of the cell pattern from the inner surface of the dura mater of a fetal pig of 5 cm. The specimen
was prepared by the reduction of a dilute solution of silver nitrate in sunlight. The preparation was

subsequently stained by hematoxylin. Enlargement, 190 diameters.

FIG. 109. Drawing of a preparation, similar to that of fig. 108, but obtained from the inner surface of the dura mater
of a fetal pig of 75 mm. Enlargement, 285 diameters.

FlQ. 110. Drawing of a preparation, similar to those of figs. 108 and 109, obtained from the inner surface of the dura
mater of a fetal pig of 90 mm. Enlargement, 285 diameters.

FIG. 111. Drawing of a preparation from the inner surface of the dura mater of a fetal pig of 16 cm. The specimen
was made in the same manner as outlined in fig. 108. Enlargement, 285 diameters.

FIG. 112. Photomicrograph of a sagittal section of a pig embryo of 17 mm. An injection of an 0.5 per cent solution of

nitrate of silver was made into the central canal of the spinal cord; the silver was reduced in sunlight
and the embryo fixed in formalin. Enlargement, 13 diameters.

FIG. 113. Photomicrograph, under higher powers, of the blocked areas in fig. 112. The accumulation of the reduced

silver (psn) against the area membranacea superior is represented in black. Enlargement, 117 diameters.

FIG. 114. Photomicrograph of a transverse section of a pig embryo of 19 mm. An injection of 0.5 per cent solution of

silver nitrate was made into the central canal of this embryo and the silver immediately reduced in

sunlight. The embryo was fixed in formalin, carefully dehydrated, and embedded in xylol-paraffin.

Enlargement, 10 diameters.

FIG. 115. Photomicrograph, under higher magnification, of the blocked area in fig. 114. The collection of reduced

silver (psn) against the cells at the inferior end of the area membranacea superior is illustrated. Enlarge-

ment, 100 diameters.

FIG. 116. Photomicrograph of a tranverse section of a pig embryo of 16 mm. The central canal of the spinal cord of

this embryo was injected with a 1 per cent ferrocyanide and citrate solution under mild syringe-pressure;
the embryo was then fixed in 10 per cent formol containing 1 per cent hydrochloric acid. Enlargement,
10 diameters.

FIG. 117. Photomicrograph of the blocked area in fig. 116, under higher magnification. The accumulation of the

precipitated injection fluid against the area membranacea superior is represented in black. A slight

extraventricular spread of the fluid, which is found in this as in all embryos of this stage, can not be
made out in the reproduction. Enlargement, 67 diameters.
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