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ABSTRACT

’, {

The morphology of the ependymal lining of the third cerebral

o

Jentriclg in the rabbit was studied with the Iighi microscope, trams-

mission and scanning electron micr0£copes.\\
The walls of the third ventricle are lined for the most part

by ciliated-cuboidal ependyma. At least two types of ciliated

ependymal cells were identified on the basis of their morpholoéy‘~

A thfrd and distinct population of ependymal“c;lls - the.tapycyte

ependymal cslls however , représented the main cell type encountered

in only ab‘gfrowly circumscribed region of the ventricular wall in

the rabbit especially iﬁ the infundibular .recess of thée third Ventriclg.

Tanycytes could bé distinguished easily from the common murai form of

epen?ymal cel] by virtue of their radialiy directed basal processe%’ .

which projected for variable distances into the hypothalamjc neuropil.

Such processes frequently términated on blood vessels in a manner

reminiscent of perivascular aktrocytes; Th; lﬁminalqgurface of the

tanycyte is not ciliated. o ) '

. - *

Examination of the surface of the ventricle with the scanning )- -

electron microscope revealed a pattern of regional differences'in
surface morphoiogy that was consistent with the distribution Sf
common mugal and tanycyte ependymal cells in the rabbit seen with
the light a?d eleetron microscopes. On the basis of this regiénal
variation, the ventricle could be divided into three distinct regions; ¢
dorsolateral wall, transitional zone and ventrolateral wall and floor,

The dorsolateral wall is distinguished by the presence of a homogeneous

population of densely-ciliated cells, whereas the luminal ependymal




surface of tHe ventrolateral wall and floor of the ventricle, corre-s.-‘b

< : .

ponding to the area of greatest tanycyte concentration is non-ciliated
and exhibits a rather more di§tinctive"m3rphology. With minor inter-
species differences a similar ’organization was ;een in the third ventricle
of the rat, mouse, rat kangaroo and human. It is compatible with the

o

view that fmorphologically different regions may possess different
functional capacities. d
The efficacy of synthetic LH-RH in iﬁducing ovulation in the

rabbit way determined for the intFaventricul%r and intravenous routes
of administration and compared. The minimumjeffective dose of LH-RH:
\wequirea o induge ovulation in 100% of thre ;abbits‘when injected tnto

he marginal ear vein was 400 ng/kg body weight. The equivalent dose
in terms of its effectivéneSS when injected into the lateral cerebral
ventricle was only 100 ng/kg body weight. fhe reSults suggest that
when systemically ineffective ahounts of LH-RH are injected intra:
‘ventricu[arly they afe able to induce ovulation in the rabbit and that

-

intraventricular administration may be 4-5 times as potent as intra-
venaqus administration in this respect. The possible reasons for this
are dlscuksed The efficacy of synthetlc LHsRH in |ndUC|ng ovulation

in conscious and uretbane anesghetlzed rabblts when administered

intravenously was also determined. The ‘results showed that ovulation

in the rabbit was neither delayed nor blocked by urethane anesthesia. .
The response of ependzpal cells within the lateral walls and floor
of the rabbit thivd ventricle to ovgriectomy and to ovulation, induced

. .
by intravenous or bhy intraventricular administrag’oﬁ of LH-RH was deter-

mined. No signifieapt changes.in ependymal morphology were found that

could be ascribed to &ither of these two commonly accepted. procedures




for determining endotriné interrelationshfps.

in Eéntrast; p;onounced changes in thé morphology of the
ependeaW surface of thé\Qentrol§€gr$1 wéll.and floorrqf the third
veﬁirigle were observéd in rabbits ;acrdficed 5 minutes "after intra-
ventricylar injection of LH-RH. These changes which took the form

-

- of microvillous eruptions on the luminal surface of the ependymal

-

cells were not seen in rabbits sacrfficéd at 15'minutes after LH-RH

injection nor in salineskontrols. The nature of the changes suggested

that they are transient eruptions of the surface which may signify -
increased absorptive actiiity. These observations provide some mor-

phological basis for the hypothes.is that the ependyqa of the ventro-

3

4,;——;-‘"\

uptake aﬁd*ﬁossibly the transfer of LH-RH from the CSF to either the

hypothalamic neuropil or to the pituitary portal vascular plexus.

N

lateral wall and floor, of the third ventricle may be implicated in the

y -

,~‘
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I. INTRODUCTION
4

The ependymal lining of the cerebral ventricles has re-
ceived comparatively little attention from investigators over
the past several decades. Purkinje (1835) is generally credited -
with being the first to document the epithelial character of the
lining of the ventricles. Reviews of the early literature on
the topic of ependyma are contained in the papers of Studnigka
(1900) , Agduht il932) and Wislocki (1932). They indicate that varia-
tion in ependymal cell morphology was recognized by the early in-
vestigators. The presence of some ependymal celis for example with
basal processes extending into the neuropil had been noted. Some
uniformity in the terminology applied to these morphologically
distinct cells was provided by Horstmann (1954) when he applied
the descriptive term ''tanycyte'' to elongated ependymal cells with a
single long peripherally directed process in Selachiang. The presence
of such distinct ependymal elements have been restricted largély to
‘non-mammal i an vertebrates, to developmental stages of mammalian forms
and to rather circumscribed regions of the ventricular system in mature
mammals.

The revival of interest in ependyma in recent years is due
mainly to the tanycyte which is conceived by some as a specialized
form of ependymal cgll: Attention has focussed primarily on the™

tanycyte ependymal cells of the mammalian third ventricle. Interest

in these cells derives largely from the anatomical connection



™y

they have been reported to establish between the cerebrospinal fiuid
on the one h;nd and the neurons and capillaries of the hypothalamic
neuropil on the other. The intriguing relationship established by
tanycytes of the infundibular recess, between the CSF and the hypophysial-
portal vasculature led Lofgren (1959, 1960) to postulate a CSF to
pituitafy transport system with a possible invélvement in the neuro-<
endocrine regulation of adenohypophysial function. A great deal af
evidence, albeit laréely speculative, for such an }nvolvement has
subsequently been generated and this has given rise to a plethora of
current hypotheses.

Although there is a growing awareness that the ependyma méy
be more than just an inert epithelial lining and less of a barrier
than was once suspected, our present information on both the structural
and functional diversities of the ventricular walls is still fragmentary.
The precise cytological features of tanycytes, their distribution,
their interrelationships within the ventricular walls and the neuropil
and their function reméjn poorly understood. As a basis for deter-
mining function, | have examined regional differences in the structure
of the ventricular walls in the rabbit with the light microgcope,
transmission and scanning electroa microscopes. Attention was focussed

. .

principally on the third ventricle and on the resident population of

9
tanycyte ependymal cells.

Prior to 1970, almost all available data on ependyma had been
gathered from conventional light microscopic and transmission electron

microscopic studies. Knigge and Scott's (1970) abbreviated report

of regional differences in surface morphology within the infundibular

P



recess of the rat was among the first reports employing scanning

electron microscopy. The scanning electrén microscope seemed to .

be paffiéularly well suited for the study of epgndyma because it
afforded a convenient means of visualizing and comparing broad

regions of the ventricul;r-walls. This had been previously impossible
wi-th the more conventional methods of investigatioq and thus repre-

sented a distinct advantage. In recent years, the scanning electron

microscope has been used rather more extensively for this purpose.

a

Since Lofgren's initial suggestion that speci;lized forms
of ependyma may subserve some unknown neuroendocrine functign, a’
number of reports have emerged which have encouraged this belief. -
A number of correlations Between pituitary hormone secretion and
changes in ependymal cell morphology have been documented, the
ev}dence that tanycytes are responsive in some obsc;re way to endo-
crinological changes within the animal however is confusing, largely
inconsistent and somewhat tenuous. We have therefore attempted in
this study to cHaragterize morphologically the responsiveness of
these cells to ovariectomy and ovulation, two commonly accepted
procedures for determining'brain—pituitary-gonadal endocrine in;er~
relationships.

Lastly, several lines of evidence have led to specﬁlation'
that the cerebrospinal fluid may serve as a vehicle for the trans-
port of hypothalamic neurohormones to the pituita;y. It is enviséged

that this occurs by traversing the median eminence,and the ependymal

tanycyte components of this tissue have been Implicated in this

translocation. Although a number of investigators have sugges ted




that tanycytes may be involved in .the selective absorption and/or

transport of a variety of active principles from the CSF, the
,relationship of these ependymal cells to the movement of such
substances is obscure, In this investigation | have examined in
a preliminary way the feasibility of such a transport system by
determining: 1) whether synthetic LH-RH intraventricularly ad-
ministered can exert an effect on the pituitary, 2) the reI;%ive
effectiveness with which this is accomplished (i.e. the effective-
ness of LH-RH in }nducing ovul§tiondby the intc?ventricular route
of administration as cbmpared with intravenous administration) and

3) whether any anatomic changes could. be found that might suggest

an ependymal involvement.




REVIEW OF THE LITERATURE

2.1 Morphology of the Walls of the Cerebral Ventricles

Surprisingi? little js known about regional differences in
the structure and function of the ventricular lining. MQst reports
dealing with the subject indicate that the liniqg of the ventricles
consists of a continuous epithelial-like layer of ependymal cells
that varies from flattened squamous-like to cuboidal-columnar in form,
with and without cilia and cell processes. However, considerable
variation in the morphology and stratificaéion of‘the ependyma and
hypendyma occurs with age, species and location within the ventricular
system. For example, a pseudostratified or multilayered ependymal
lining, while typical in embryonic and neonatal stages, is-rarély
found in the adult (Tennyson and Pappas, 1962, 1968). “

Some attention has been given to structural variation in the
ventricular wall as a bas}s for understanding uptake and exchange of
substances between the CSF and the neuropil. Monakow (1921) expressed
the view that the CSF may pass from the ventricles through the whole
mass of the brain and in so doing convey a number of hormonal sub-
stances to nuclear regions. |In anesthetized cats, uptake of the
acidic dye bromophehol blue from the perfused ventricles was found to
vary in different regions of the ventri;ular wall (Feldberg and
Fleischhauer, 1960). Very little penetration of dye was observed in .

those regions of the ventricular walls underlain by white matter,

while particularly intense penetration occurred in regions that-4




consisted mainly of grey matter, such as the wall of the third ventri-
cle and infundibulum. Similar observations were made in cats with
histamine perfused intraventricularly (Dr&skoci, Feldberg, Fleischhauer
and Haranath, 1960) and acetazolamide injected intravenously (Roth,
Schoolar and‘Bar]ow, 1959). The transfer of bromophenol blue from
the CSF to brain parenchyma was considered to be an active process
influenced by regional differemces in the cytology of the ependyma and
inherent cytological differences in the neuroglia of grey and white
matter (Feldberg‘and Fleischhauer, 1966). J
Characteristic regional differences ‘in ependymal and sub-

ependyma] sfruéture have been repqrted in several species. In the
walls of the lateral vent(icles fhree more or less distinct layers
are generally distinguishable: 1) the ependymal lining, 2) a sub-
ependymal fiber layer, and 3) a mitotically active subependymal cell
layer. The composition and function of the mitotically active layer
is not full? known. It has been given a variety of designations in
the literature. Globus and Kuhienbeck (1944) referréd to it as the
""subependymal cell plate'' and, becaus; of its complem;nt of undiffer-
entiated cells, considered it to be a potential source of neoplasms
of neurcectodermal origin. Lewis (1968) reported that the subependy-
mal plate persists in the adult rat and gives rise to subcortical
neuroglia of different types, astrocytes, oliquendrqglia‘and mi-
croglia. Smart (1961) however, concluded that the fate of the cells
of this layer in the adult mouse was not to migrate into the brain
and differentiate, {;ereby contributing to the cell population, but

-

rather to degenerate within the functionless layer. In adult mice

and rats, the walls of the lateral ventricles are composed of a




columnar epeﬁdymal celi layer and subependymal cell plate which are
variable rostro-caudally (Smart, l9é}; Westergaard, 1970). The sub-
ependymal cell plate, varies in thickness from éne to several cells
and is most pronounced in the lateral wall o% the arterior horn. It
becomes gradually less prominent caudally through the anterior ﬁprn
and body of the ventrieleo The suéébendymai cell plate i; absent in
the caudal part of the body of the ven;riclé and in the inferior ho%n;
and is genefally not found where the wall overlies white matter. The
ebendymal cells overlying the subependymal cell plafe are tallest in
the rostral part of the anterior horn, decreasing in height through
the body and inferior horn, and are generally very low in the region
of the wall overlying white matter.

jn‘the cat, a well defined subependymal g}ial fiber layer is
;lso lacking in the rostral p;rt of the lateral,ventricle and in
practically all regions of the ventricles bérdered by white matter
"(Fleischhauer, 1961).. The ependyma is tall and ciliated in Ehe uppe;
region of the cat hypothalamus with a thick, ordered layer of glfai
fibers beneath. In contrast, ependymal cells were® reported to be
smaller, and'the subependymal glial fiber layer. absent, near the
floor of the hypothalam;s, septum peliuciaum and caudate nucleus.
‘The ventricular wall of the hypophysis is characterized by flat non-
ciliated ependyma with no subependymal glial fiber layer, whereas a
layer of tall ependymal cells and a dense network of subependymal
glial fibers are found in the pineal recess.

The presence of fusions (coarctatiors) of the ventricular
walls has been described in the anterior horn, body and inferior ho}n

of the lateral ventricles in a number of species, both neonatal and

-



adult (Westergaard, 1970). Contact between ventricular walls is
"believed to be a prerequisite for their formation.” In the human,
_cqarcﬁations were observed infrequently, a fact a;;ribuied by
Westergaard to the large size of theiventricular cavities where the
walls are Jess likely to be in’Cdnfact. Histplogicél examination of
the sites of fusion indicate that the eéendymal cells of adjacent walls
become closely applfed gnd‘fusq, oblitérating the ventricular lumen.
Most of the ependymal cells disappear, Qh%le some persist to form
" islands, sometimes surrounding a small lumen. No histological evi-
dence to suggest why walls fuse in certain areas was apparent.
"Circumscribed region; of folded ependyma (sulcated areas) of
unknown significance are found consistently throughout the ventricu-

»

tar walls in a number of species (Friede, 1961). In the human, sul*?
cations were found principa;ly in the thalamic, mammillary and supra-_
-optic areas of the third ventricle. Suici showed regular plicae
covered by normal ependyma o% medium height. The plicae contained
fibrous glial tissue with very few nuclei . The'subebendyma] cell
plate was frequently thickened beneath the sulcated areas. Sulcations
were believed to result from active growtﬁ;rather than passive narrow-
ing or mechanical folding of the ventricular lumeﬂ. The development
of both the sulcated areas and the subependymal cell plate appeared

to be related to the size of the Qrain or its ventricles. In an
earlier paper, Friede (1951) suggested that the increased surface

area of these sulcations may facilitate exchange gf substances between
the CSF and brain tissue. Although_allicav}ties of the céntral nervous

system are generally lined with a ‘con t inuous ependymal epithelium,

areas in which the ependymal ]iﬁing«is lacking are not uncommon in’ man




and other vertebrates (Agduhr, 1932; Friede, 1961; Schmrigk, 1966),

\ A N *
particularly following various inflammatory conditions (Johnson and
- ~

.

John§oﬁ, 1972; Betty, 1977).

(i) Common Mural Ependyma

Alfhouéh the=morph6|ogical §tructqre of ependymal cells varies
greatly, four principal co;ponents of the,ventricu!ar wall (cuboidal
ependymal cell, ependymal ténycyte, ependymal astrocyte and “glahdulér“
ependyma) have been distinguished. Knowles (1972) pointed éut that a
morphological classification of this type is merely intended to facil-
itate description and cautioned against applying the criteria too pre-
cisely. 1In its simplest and most common form, the lining of the
pentricular wall consists of a single layer of cuboidal epeddyvaf
;ells, although flattened and columnar varieties are also recognize&.
Reviews of the earlier literature on this subject are provided by
Studnidka (1900), Wislocki (1932) and Agduhr (1932). More recent com-
prehensive reviews on ependyma have been provided by Tennyson and
Pappas (1968) and Knowles (1972).

A number of recent transmission electron microseﬁpic studiés
havé contributed to the accumuleted knowledge on the morphology of the
ependyma lining the lateral ventricles in several mammalian species.

Tennyson and Pappas (1962) described the ultrastructure of the ependy-

.mal lining of the cerebral aqueduct in the fetal, neonatal and adult

rabbit. In the feline lateral ventricle the ependyma has been described

.

as a ciliated, cuboidal to columnar epithelium rarely more than one
«cell thick; similar to descriptions of ependyma lining the lateral

~ventricles of other mémmals (Klinkemwfuss, 1964). The luminal plasma

-




. .
membrane is complex, being organized into numerous microvilli. The

~ o

ependymal cytoplasm is pale, containing many vesicles with and without

dense cores, a network of‘fibrils, scént vesicular e;doplasmic reticul-
lum,ea’brominent Golgi abparatus and numerous dense mitochondria. A
large ovoid nucleus with a well defined nucleolus is located near thé
base of the cell. Ependymal cilia contain the usual two central fila-
meéts surrounded by nine pairqd peripheral filaments réaially arranged.
Membrane specializations between contiguous cells have been described
by Brightman and Palay (1963) in the rat. Th;y have reported exten-
sively on the fine structure of the ependyma in the third ventricle,

o
cerebral aqueduct and the fourth ventricle of the rat brain with par-

ticular emphasis on specialization of the ap;cal ang lateral Eell sur-
‘fébés. In the Rhesus monkey, Knowles and Anand Kupar (1969)«distin-
gdi;hed three areas of ependyma within the third ventricle which
differed in their gross structure, ultrastructure and sfqining affin-
ities (see Chapter 2.iii, iv). ‘!Llls-designated "type A'' were termedh\
typicsl unmodified ependyma and resembled characteristic ependyma

found elsewhere in the ventricles of the monkey brain. 'Type A"
ependymal cells were described as being columnar in form with both ciiia
and microvilli on their juxtaventricular border. Basal processes
extending into the neuropil beneath were notaﬁly absent. While they
did not stain with conventional silver methods, the cells were demon-
strable with connective tissue stains. The authors considered these
cells to be capable of some synthesis, secretion and abéorption,

though not actively engaged in these functions. in Fhe Coturmix

quail, "typical'" ependymal cells in the dorsal wall of the third

ventricle have been similarly described .(Sharp, 1972).



Relatively little information is available regarding the
morphology of the veatricular wall in the human. Contribhtions, how-
ever, have been made by the fo]lowing investigators: Opalski (1933);
Jahn (1940); Globus and Kuhlenbeck (1942, 1944); Beckett, Netsky and
Zimmerman (1950); and Friede (1961). The s%?uctufe of the walls in
the lateral and third ventr}cles in man varies from a single }ayer of
epeédyma to three layers composed of ependyma, a subependymal layer
of gtial fibers and a layer of subependymal glial cells (Schimrigk,
1966). According to Malinsky (1968), the cuboidal ependymal cells of
the lateral ventricles are provided with numerous microvilli ana a
few cilia. Jhe lateral Qalls of these cells are without plication
and are joined by zonulae occludentes and adhaerentes while” their
basal membrane ruHs out into cytoplasmic processes in places.

Various functions have been attributed to the ciliated
cuboidal ependymal cells. Constituting a boundary between the CSF
and brain tissue, they h;ve been purported to act as a semipermeable
barrie; regulating the passive transport of substances, as a layer
for absorptive or secretory processes, as a vibrétory epithelium, and
as a mechanically resistant boundary (Malinsky, 1968). Histochemical
observations reveal that they are cells of high metabolic activity
which may be related to secretion, aBsorgtion or transport of sub-

-
stances from the vasculature into the ventricle or vice versa (Nandy
and Bourne, 1964). In contrast, their enzymatic content has also been
reg;;ded as an expression of energy trans;prmation assoéiated with’
ciliary motility (Schachenmayr; 1967). Histochemical findings in cats,

dogs, guinea pigs, rats and rabbits indicate that the ependyma has a

very active oxidative metabolism while the subependymal glial layer




in contrast, generally lacks oxidative enzymes (Friede, 1961). The

distribution of phosphorylase activity is inverse, indicating an active
v

glycolysis in the subependymal cell plate (Shimizu, Morikawa and Ishii,

1957; Friede, 1959). . ’ .

(ii) Ependymal Tanycyte

The other principal cellltype identified within circumscribed
areas of the ventricular wall is‘the ependymal tanycyte. It is appar-
ent from reviews of the earliest |iterature (StudniZka, 1900; Agduhr,
1932; Wislocki, 1932) that the wide variation in ependymal cell mor-
phology was recognized, with some cells having long basal extension
that extend into the brain pafenchyma. There was little consensus in
the'terminology applied to these extensions until Horstmann (1954)
inzroduced the descriptive term ''tanycyte'' for the elongated ependymal’
cells of selachians that stained with the Cajal gold sublimate method.
They were distinguishable from common mural ependyma by'vrrtue of
their long basal processes extending into the subjacent neuropil.
Their presence has since been demonstrated by a number of histological
and histochemical procedures. In the Rhesus monkey, Anand Kumar and
Knowles (1967) distinguished an area of specialized ependymal cells
with long basal processes extending to the region qf the pars tuber-
alis, situated anterolaterally in the tuber cinereum. These cells
sgain deeply with the Gomori-chromé alum hematoxylin phloxine (CAHP)
technique (Anand Kumar, 1968b). They are not evident, however, after
silver impregnation techniques, nor are they detectable after per-
formic acid-alcian blue staining, but can be demonstrated by cresol

fuchsin, aldehyde fuchsin and the periodic acid-Schiff (PAS) method.

L4




The non-specific reaction to CAHP, of epéndymal cells and even sub-

ependymal glial cells in all parts of the lateral ventricles of mice

and rats prompted Westergaard (1970) to suggest that. lipofuscin rather’

than an ependymal secretjon may be responsible for the staining.

-

'Tanycytes are said to comprise more than one layer of cells, to be

non-ci liated, to have processes extending into the white matter to

" varying depths. and to show considerable variation with age, sex and

}eproductive activity (knowles and Anand Kumar, 1969). They have been

described throughout the ventricular system In nonmammalian vertebrate
forms (Horstmann, 1954; Oksche, 1958, 1968; Paul, 1967, 1968). In

newborn and adult mammals, their presence has been demonstrated

throughout ‘the hypothalamic portion of the third ventricle (Fleischhaﬁer,

1964, 1966; Colmant, 1967; Bleier, 1972), but not .in the lateral ven-

tricles (Klinkerfuss, 196£; SchachenmayT, 1967) . Tennyson and Pappas

(1962) found tanycytes among the ependyma éf the midbrain aqueduct in
the early neonatal rabbit, but noé in the adulit. Their occurrence,
however, is ﬁot limited to the floor of the third ventricle é
(Schachenmayr,, f967). Clusters of tanycytes are found throughotit the
-

dorsoventral extent of the third ventricle, although they are most
numerous and easily demonstrated along the lateroventral walls and
floor (Knowles and Anand Kumar, 1969; Millhouse, 1971; Sharp, 1972;.
Bleier, 1972). |

Ultrastructural studies (Tennyson and Pappas, 1962, 1968;
Leonhard;, 1966; Brawe(, 1972; Millhduse3 1972) con%irmedﬂthat tﬁe
tanycyte is a fundamentally distinct cell with a ;ingle dense peri-

pheral process that is generally unbrancH?d kxcept at its tarmination.

Tanycyte processes are of variable form, length and caliber; they

t



as }ét undetermined. Because of the resemblan‘f tanycytes to

ISpongioblasts, Millhouse?(l97l) has suggested that tanycytes may be

fibers (hillhouse, 1971, 1972). Their unique structural features have

- s » - g 2
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appear to encircle cells and to form complex networks in\r?lationship'
to neufoné and.capiflafies (Blei;r, 1971, l972)j 'Récently,*different
-—

forms of tanycytes have beeh identified on the basis of their structure
(parfic;larly of their basal'proeesses), distribution and sta{ning
affinities (MiLlhouge, 1971; Sharp, 1972). In addition to morpho-
logical éata, some cytochemical Lbservations (Schachenmayr, 1967;
Luppa and Feustel, 1971) a}so indicate structural and possibly fun;-
tional dif%ereﬁces aﬁong tanycytes themse[veg.

Although ;egional differences in the struc:ure of the ebehdymal

lining are generally regarded as a possible expression of differ;nces

in function, the precise nature or function of the component cells is

undifferentiated cells awaiting a signal to differentiate into, glial

or epéhdymalvcells or that they may in fact be spongioblasts differ-

.

entiated in situ without having lost their ventricular and pial or

‘

vascular connections. To some, the morphology of tanycytes suggested

a transport cébacity (Leonhardt, 1966); to others, their enzymatic

pattern indicated a synthesizing activity, (Schachenmayr, l§6]). Ignoring

for the moment, any potential neuroendocrine involvement (see Chapter

2.2i, 2.3), ténycytes have also been suggested to subserve a purely

supportive role, both structurally and metabolically, for the delicate

meshwork of subependyma.l gstrdglia or unmyelinated periventricular

L)

encouraged the belief that they may form a diffusion barrier between
the ventricle and neuropi], thereby effectively segregating functional

groups of neurons (Millhouse, 1971). The selective absorption by .
. N .- :




tanycytes of certain substances from the CSF and transport of these to
capillaries or specific hypothalamic neurons and vice versa have also
been proposed (Bleier, 1971; Millhouse, 1972). From this concept
derives -the notion that tanycytes, acting as sensing devices in the
systemic and ventricular circulations, may function as modulators of
neuronal activity (Millhouse, 1971, 1972; Bleier, 1972). Aceording

to Goslar and Bock (1970) the esTETzzz\\pntent of tanycytes recommends
them as modulators of synaptic activity. On the other hand, their
primary role, as postulated by Bleier (1972), may be to regulate the

composition of the CSF by selective absorption and transport of sub-

stances from the CSF to the systemic circulation or vice versa.

(iii) Ependymal Astrocyte

» <

in addition to, the ependymal cell types thus ﬁfr described,
a third cell, the ependymal astrocyte, has begn distinguished as a
component of the ependymal lining. Tennyson and Pappas (1962, 1968)
identified it within the ependymal lining surrounding the aqueduct of
the neonatal rabbit midbrain as.a columnar cell with a branched per-
ipheral process of Iight density. This cell corresponds closely to
a similar cell described by Horstmann (1954) in a ]?ght microscopic
sfudy of selachians. In ;ddition to its large peripheral braﬁching
processé;,;other cﬁaracteristics such as a sparcity of mitochondria;
endoplasmic reticulum and filaments, in elaborate plicatioﬁ of the
lateral cell membrane, and multiple thfn projections from the cell

‘body and main process are its main distinguishing features. The com-

plex in}oldings of the lateral cell membrane have been suggested as

representative of a stage in the formation and storage of its extensive

15
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processes (Tennyson and Pappas, 1962). In the adult feline lateral

L)

ventricle, the presence of a similar X1l type was aistinguished"in
the subependymal neuropil (Kiinkerfuss, .1964), leaving the ependymal
nature of these cells open to question. (Altﬁough they are not neces-
sarjly associated with the neuroglial‘astrocyte,.as the name might
.suggest (Tennyson and Pappas, 1962), the possibility that they may be

astroblasts has not been excluded (Tennyson and Pappas, 1968).

(iv) "Glandular' Ependyma:

“"@andular' cells located among the ependymal cells lining
the floor of the infundibufar recess cannét be categorizea with cer-
tainty. They appear to be concentrated in the midline region béing
found less frequently laterally (Knowles, 1967, 1972). Ste}zi (1907)
reported that the floor of the infundibular recess of the sha}k was
characterized by two forms of ependyma, a non-glandular type, re-’
semblinglianycytes, and a glandular variety with few or no basal pro-
cesses, but filled with secretory granules. ‘Knowles (1971) identified
these ""Sterzi cells" in the floor of the dogfish infundibular reces§
- and distinéuished them f;;m neighbouring ependymél cells by their
.vacuolated cytoplasm, gxtensive agranular reticulum and content of
dense-core secretery granules (1400-2000 R diameter). It has been
suggested that their morpho]bgy more c}osely &esembles neurosec}etory
cells. In a recent publication (Knowles, 1972),”the presence in the
aogfish of secretory cells with~the same distribution and morphology
as described in his earli;r paper (Knowles, 1971) were referred to as

“'cerebrospinal fluid contacting neurons.' The presence of similar

"specialized' ependymal cells (designated type C’ cells) has been
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activity in fHe mouse arcuate nuclgus and ME following ovariectomy.

In contrast, striking regressive changes were observed in the ventric-
ular border of tanycytes and in their coftents two monthsﬁfollowing
ovariectomy. in the Rhesus monkey (Knowles énd Anand Kumar, 1969).
Subsequent estrogen administration reversed this appearance by in-
creasing the number of cytoﬁlasmic protrusions and bulbous projections
on the juxtaventricular surface (Knowles and Anand Kumar, 1969; Coates,d
1974). The changes in tanycytes occurring in response to estrogen ,
treatment argues in favour of a fole for them, possibly as receptors
sensitive to levels of estr9gen in the CSF (Anand Kumar and Knowles,
1967; Knowle; and Anand Kumar, 1969).

(i) Immunohistochemical Localization.of Releasing Hormones
I

Within the Hypothalamus

The recent availability of synthetic LH-RH has made possible

the production of antisera agéinst the peptide for use in immunohisto- -
. -
chemical investigations. Kozlowski and Zimmerman (1974) and Zimmerman

. et al. (1974) localized LH-RH within the perikarya of arcuate (mouse)

and infundibular (sheep) neurons in contact with the ependyma of the

third venfriclé, as well as in the zona externa of the ME and throdgh; 7
out the tany@yte;'inrboth species. Naik (1974) similarly localized

Lﬁ-RH within bo%h the tanycyte ependymal cell bod}es near the arcuate

nuclei of the rat third ventricle and their processes descending to-

ward the portal plexus. Silverman (1976), however, confirmed the

localization of LH-RH within ependymal tanycytes of the ﬁbhgé ME but

not in the guinea pig, suggesting species differences in the presence

)

of detectable quantlties'ti‘LH-RH in tanycyteg. Leonar&elli, Barry

-
.




‘t»w:gi%

T M et R

W2 %‘%ﬁw

e

VN

Based on observations in the rat, Millhouse (1972) concluded that
.tanycytes along the walls of the ventricle'did not exhibit any of the
cytological features of active secretory cells. |t is quite apparent
that the literature is confused regarding ''glandular' ependyma. The
precise nature and distribution of these cells is i1l understood and
often obscure from most descriptions. As a consequence, comparing the
results of different studies is difficult and unavoidably imprecise.
Relevant to a discussion of secretory ependyma are other, more
circumscribed regions of the ventricular wall that are also recognized
as deviating structuratly and functionally from the regular ependymal
lining. They are collectively designated ''circumventricular organs'
_(Cv0) or ‘'neurphaemal organs'' and include the subfornical organ, -
organum vasculosum of the lamina terminalis, suBcommissqral organ and -
paraventricular organ. All are located in the wall of the third ven-
tricle and are similar with regard to their unique vascularization and
cellular organizat{on. " For completeness the area postrema in the caudal
portion of the fourth ventricle and the newly described (Stumpf, Lamb,
Hellreich and Aumuller, 1977) collicular recess organ of the caudal
midbrain aqueduct-fourth ventricle may be added to this list. Al-
though their functions are unknown, special ependymal and hypendymal
organization, barrier properties and some indications of neuroendocrine
activity have been found. A brief discussion of the third ventricle

related CVO is provided in the Appendix.

2.2 Neurovascular Regulation of the Adenohypophysis

There is now incontrovertible evidence that the secretory

activity of the anterior pituitary is regulated by the central nervous

\
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system through a neurovascular mechanism. The development of the
""neurohumoral hypothesis'' began with the gradual awareness by early
observers of the peculiar System of vessels in the hypophysial stalk.
The portal nature of these ''hypophysio-portal'' venules was first -
recognized by Popa énd Fielding (1930, 1933). They maintained that
blood from the hypophysis Was drained by these vessels to the capil-
lary network extending into the hypothalamus. In independent studies
of these venules, Which were presumed to be systemic, Pietsch {}930)
and Basir (1932) adopted the same concept of direction of flow from
the anterior lobe. A complete description of their extent and
arrangement was préyided‘by Wislocki and King (1936) and Wislocki
(1937, 1938), who reported that the upper extent of the portal venules
was the capillary‘bed of the infundibular stalk and the median emi-
nence, and that they conveyed blood from the plexus of the stalk down-
wards to the sinusoids of the anterior lobe. The suitability of this
structural arrangement for the transfer of substances from the brain
to the anterior lobe and an appreciation of its functional implications
were soon recognized. The concept of humoral transmission was ad-
vanced in a number of reports as a natural consequence of attempts to‘
explain available experimental gvidence. There was little doubt at
this time, for example, that the secretory activit? of the adeno-
hypophysis was to some extent under the control of the central nervous
system, that its innervation was sparse, and that the hypothalamus was
involved in the nervous reflex pathway. Credit for the notion of
neurchumoral control of anterior lobe functioﬁ is.given to Hinsey and

Markee (1933), who postulated a humoral transmission of stimuli from

the neurohypophysis to the pars distalis. This hypothesis was repeatedly



and Dubois (1973), using an immunofluorescence }echnique to detect -
LH-RH, showed that specific fluorescence is founp\within cértain hypo-
thalamic axons -and their pericapillary ending§ ogi%he portal vascula-
tuf; in the 6ouse, rat, hamster and the guinea pig ME. In nomal,
castrated, colchicine and testosterone treated guinea pigs, immuno-

¥

reactive LH-RH was found within the perikarya of neurons scattered

throughout a large area extending from the preoptic and septal area

[

to the caudal part . of the ;uber:%inereum. 'Localizétion of specific
fluorescence was restricted mainly to the pre- and suprachiasmatic
region, although a pre- and post-anteriar commissural and a parolfac-
tory localization was also distinguished (Barry, Dubois, Poulain anh
Leonaréellf:‘l973; Barry, Dubois gnd Carette, 1974). "Pelltier, Labrie,
Puviani,'Arimura and Schally (1974) reported the immunoh istochemical
localization of the neurchormone in the sec}etory granules (750-950 k)

of some nerve terminals situdted in the palisade layer of the rat ME..
Curiously,‘however, no mention was made of localization within ependyma , o~
in any of these reborts. Employing similar pfocedures (Baker, Q;;ﬁédy -

and Reel, 1974), LH-RH was localized with variable distribution in the

ME of the mouse, rat and guinea pig. However, it was not detected in

A J N

the perikarya of suprachiasmatic, ventromedial, ventroiéteral, arcuate,
paravEntricular or supraoptic nuclei or more particularly in the epen-

dyma of any of these Specie;. Sét416 gs_gl;_(3975) determined that

LH-RH staining of ependymal cells of the rat third ventricle in their
experiments was nén-specific. A recent light and electron microscopic

-

autoradiographic investigation of the medial basal hypothalamus of rat

.brains following in vitro incubation in 3H-LH-RH revealed the releasing

factor within tafycytes and perivascular glia in the palisade zone of

¢
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recognized, however, that the capillaries in the median eminence were
surrounded by nerve fibers derived from various hypothalamic nuclei’
that could not be identified with certainty. Although there was
little information available as to the nature of the hypothetical
humoral substances tran;mitted via the po;tal vessels, a large body

of experiﬁenta! evidence demonstrating the depéndence of the pituitary
gland on hypothalamic neurohumoral secretion gradually accumulated.

fn recent years, attention has been directed toward elucidating the «
nature, source and mechanism of action of these hypophysiotroﬁhic
principles. Older designations for this group of neurohumoral factors
have been largely supplanted by the designation 'hypothalamic releas-

ing factor,"

coined by Saffran, Schally and Benfey (1955) to signify
the stimulatory or inhibitory effects that substances of hypothalamic
origin exert on the release of hormones from cells of the anterior
pituitary.' Schally, Arimura, Bowers, Kastin, Swano and Redding (1968)
proposed the term '‘hypothalamic releasing hormones'' for fully identi-
fied substances on the basis that some satisfied the criteria for
designation as hormbnes. The current concept, now reasonably well
established, is that there is at leas£ one releasing factor for each
of the adenohypophysial hormones, and for at least three (growth
hormone, prolactin and melanocyte stimulating hormone) there is a

dual system of hypothalamic control--inhibition and stimulation. The
first direct evidence in support of the neurohumoral theory of adenohy-
pophysial regulation has come only with the recent isolation and char-

acterization of such active components from crude hypothalamic extracts

and their synthesis. Although corticotropin-releasing factor (CRF)

was the first hypothalamic principle to be demonstrated on the basis of
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physiological evidence (Saffran and Schally, 1955; Saffran et al., .

1955; Guillemin and Rosenberg, 1955; Gui'llemin, ‘Hearn, Cheek and ° : !

-

; Housholder, 1957}, ;ts structure has yet to be elucidated. The first

hypothalamic hormone to be isolated was the tripeptide, thyrotropin-

DA S

releasing hormone (TRH). ‘Its amino acid sequence and structure have

k-4

been determined and its synthesis achieved (Bgler, Enzman, Folkers,

Bowers and Schally, 1969; Burgus, Dunn, Desiderio and Guillemin, 1969).

B A A RS
.

The presence of a luteinizing hormone-releasing hormone in hypothalamic

gl

extracts of rats was first demonstrated by McCann, Taleisnik and

-

Friedman (1960). It was thought initially-that LH-RH and follicle

stimulating hormone-releasing hormone (FSH;RH) activities were proper-

ties of two different sub;tances but this belief has since been altered
- although not entirely abandoned. The isolation from porcine hypo-‘
thalami of a decapeptide with both LH-RH and FSH-RH activity has been
accomplished; its aminé acid composition and sequence ha; been deter-
mined (Schally et al., 1971; Matsuo, Baba, ﬁair, Arimura and Schally,
1971) and its synthesis (Matsuo, Arimura, Nair and Schally, 1971)
achie;ed. Growth hormone release-inhibitory hormone, a cyclic tetra- ”
decapeptide isolated from ovine hypothalami, is the most recently
described and synthetized hybothalamic regulatogy hormone (Brazeau,
Vale, Burgus, Ling,‘Butche;, Rivier and Guillemin, 1973). The struc-
ture of a fobrth hormone, melanocyte stimulating hormone release-
inhibitory hormone (MIF) has also been elucidated following its puri-
’ficét}on from bovine hypothalami (Nair, Kastin and Schallw, 1971, 1972).
In synthetic form, it-has been shown to be effective in several animal
modejs, but appears to be ineff;ctive in man. A]though it is now

generally accepted that hormonally active agents secreted by the brain
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diffuse into the portal vasculature aﬁd either stimulate'or inhibit

the release of trophic hormones from the adenchypophysis, many as-
pects of this neurohumoral system are still not understood. The con-
trol of their discharge, how they reach fhe portal vasculature, and
their cellular mechanism of action have still not been satisfactorily .
ascertained (Portern Kamberi and Ondo, 1972). There is, however, some
recent evidence to indicate that cyclic AMP may be a mediator of their

action on anterior pituitary cells (Jutisz, 1971; Labrie, Barden,

Poirier and Delean, 1972; Schally, Arimura and Kastin, 1973.

(i) Hypothesis Relating Ependyma to the Neuroendocrine

Control of Adenohypophysial Function

Neurosecretory neurons within the hypothalamus are common ly

3

viewed as the cellular source of releasing and inhibiting hormones.

_Although there is evidence to indicate that they are synthetized and

packaged in granules within the perikarya of these neurons, trans-
ported to the median eminence by axoplasmic flow, and there storeq
and/or released i9to the primary plexus of hypophysial portal vessels
(Clattenburg et al., 1971, 1972a; Clattenburg, 1972, 1974; Clattenburg,
M9ntemurro,’Bruni and Singh, 1973), no clear demonstration of their
site(s) of origin within discrete neurons of the hypothalamus has

been obtained. In part, the paucity of sign}ficaﬁt data on this sub-
ject has contributed to the current belief that cells in the hypothal-
amus other than neurons together with the cerebrospinal fluid may
constitute important pathways integratiné the endocrine functions of

the adenohypophysis. Indeed, it has been suggested that ependymal

cells might be involved in the production and/or transport of releasing



factors (Kmigge and Scott, 1970; Scott and Kniégé, 1970;- Anand Kumar,
1972; Knowles, 1972; L&véque, 1972). Morphological and functional
observations have led a number of investigators to speculate that
hypothalamic factors may be secreted into the CSF and then transported
to the hypophysial portal vessels (Ken&all, Grimm and Shimshak, 1969;
Knowles and Anand Kumar, 1969; Knigge and Scott, 1970; Porter, Kamberi
and Ondo, 1972; Anand Kumar, 1973). In support of this concept is
recent evidence favouring the diffuse distribution of releasing hor-
mone producing cells throughout the hypothalapus.- Jackson and Reichlin
(1974) have found that while the highest cdncentration of TRH in the
brain occurs within the hypothalamus and/or ﬁituitary complex, small
oncentrations are present in most eitrahypothalamic brain tissues of
the ;at and chicken, and unexpectedly large amounts are found in extra-
hypothalamic brq}n tissue of most submammalian forms. TRH synthesizing
cells in the mink hypothalamus (identified as such by their in vitro

biosynthetic capacity), while concentrated in one discrete region .

(arcuate nucleus) were also present in a more diffuse dorsomedial

zone throughout the entire anterior-posterior extent of the hypothala-

mus (Knigge et al., 1974). Endogenous hormone was similarly detectable

in all regions of the hypotha]amus, althoughlit was particularly con- b
centrated in a dorsal anterior‘region and in a ve&tral middle zone.

This wide topograhical dist}ibution of TRH-producing cells ;hroughout
the hypothalamus suggested the prospect of a dual route of delivery.
Remotely lying neurons might conceivagly deliver their hormones to the
ME via the CSF. Krulich, Quijada, Hefco and Sundberg (1974), in con- ‘

trast, reported that TRH activity in the rat was not dispersed through-

out the hypothalamus, but rather was concentrated in the ME, dorsomedial




hypothaiamus and in the preoptic region. Nevertheless, they did not

disqobnt the possibility that TRH produced at sites distant from the
ME was released into the CSF and subsequently taken up by the ME.
Whether this may be applicable to other releasing factors is not cer-
tain at this time. An ependymal-ventricular transport route for
adenohypophysial regulation is predicated in part, on the observation
that tanycyte ependymal cells situated along the floor and lateral
walls of the infundibular recess establish a morphological tink be-
tween the cerebrospinal fluid on the one hand and the pars tuberaiis
and vasculature of the median eminence on the other. It was this
intriguing structural relationship that led Lofgren (1959, 1960) to
first suggest their possible involvement in the neuroendocrine control
of pituitary function. Such a mechanism, as yet a matter of specula-
tion, does not necessarily preclude the more con%¥entional hypothesis
of.axongl transport. Harris (cited in Knigge and Scott, 1970), however,
stated that ''teleologically based, it is unlikely that such a fast-
reacting system as the central nervous system should employ such a
slowly reacting system as fluid currents in the cerebrospinal fluid
to control such fast-reacting'systems as, for example, the discharge
of c;rticotrophic hormone in Yesponse to acute stress.' Other investi- '
gators have concurred with thé view that a (SF to pituitary route of
transport is probably not of physiological importancé.

In addition to the hypothesis that hypophysiotropic substances
conveyed vié the CSF are actively transported by specialized ependymal
cells across the ME into the affluent blood of the pars distalis, the

view has also been expressed that target gland hormones might pass

from the general circulation by way of the choroid plexus into the CSF
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and eventually be transported to the brain for metabolic effects or
to the ME for feedback suppressive effects (Kendall, Jacobs and
Kramer, 1972). In view of the relationship of tanycyte processes
with neurons and capillaries, Bleier (1971, 1972) found it reasonable
to proﬁose that they may serve as a communication system between the
CSF and neurons and capillaries within the hypothalamus, thereby in-
fluencing particular neurons that exert a regulatory influence on

/
adenohypophysial secretion.

2.3 Evidence far Neurosecretory Ependymal Function

There is morphological evidence to suggest apical secretion
by specialized ependymal cells into the CSF of the third ventricle

(Lévéque and Hofkin, 1961; Vigh, Aros, Wenger, Korits&nsky and Ceglédi,
. . 1
2

-

1963; Vigh, 1964; Lévéque et al., 1966; Knowles, 1967; Matsui and

Kobayashi, 1968; Wittkowski, 1969; Kobayashi, Matsui and Ishii, 1970)._

On the other hand, some investigators have postulated that tanycytes
;ay absorb substances from the CSF and/or subserve a transport capacity
(Anand Kumar and Knowles, 1967; Knowles and Anand Kumar, 1969; Knigge
and Scott, 1970; Kobayashi et al., 1970; Kobayashi, 1972; Kobayashi,
Wada and Uemura, 1972).

A number of correlations between pituitary hormone secretion
and changes Iﬁ ependymal cell morphology have been documented. Lévéque
and)Hofkin (1962) observed that gonadectomy, adrenalectomy, hypophysec-
tomy and cortisone treatment had no effect on the content of PAS-
positive material in the ependymal cells of the rat infundibular re-

cess. Cold-stress and propylthiouracil-treatment, however, increased

and decreased thefr content, respectively., In the Rhesus monkey,
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Anand Kumar (1968a) and Knowles and Anand Kumar (1969) correlated

structural differences in the tanycyte ependyma of the anterior hypa-
thatamus with the ége and sex of the animél. 'Bujbous projections on
the ventricular surface of these cells in the female were observed

to vary\in relation to the menstr;;l oQEﬁe, being well deveIOpe& dur-
ing mid-cycle and regressiné dufiné menstruation. Similarly, seasonal
changes in ependymal morphology associatedjwith sexdél'activity have
been demonstratea in the skunk (Hagedoorn, 1965). In cdﬁtrast, ultra-
structufal studies on éhe “glandular”wependyma in the medial basal
hypothalamus of the Coturnix quail failed to show any obvious differ-
ences among casf?ated,'estrogen or testosterone treated or sexually
'matdre_or immature birds (Sharp, 1972). 1In a Eecent‘SEﬂ iﬁvestiéation
of the rat 'third ventricle, Brawer, Lin and Sonnenschéln (1974) repor-
ted that the apical surfaces of Hon-ciliated tanycytes in the ventral

’

wall and floor undergo profound changes dur}ng different stages of the

estrous cycle. At mid-diestrué, the apical surface of tanycytes ° '
. ) .
appears devoid of microvilli and other surface eruptions. At late

]

digstrus, a mqued change occurs, during which microvi]l{ and other
surface irregularitiés appear. They increase in number during pro-
estrus, persist ;hrough estrus, and then disappear jn early to ﬁfd-
diestrus. -

Kobayashi and Matsui (1969) and Kobayashi g}igl;_(1970) re-
ported that three weeks after ovariectomy most ependymal and hypendy-
mal cells of the rat ME were enlarged and became cylindrical; their

nuclei were also enlérbed and cytoplasmic organelfes showed a marked

increase in number. Cohparab]e results were obtained by Oksche,

’

Zimmerman and Oehmke (1972) in a morphometric analysis of ependymal




was found to be no more effective than intravenous injection, it was
concluded that, although the transport of TRH from the CSF to the
pituitary could not be excluded, it was not supported by the findings.
A similar study (Gordon, Bollinger and Reichiin, 1972) demonstrated
that although TRH can reach the anterior pituitary from the third ven-
tricle, this route of administration was less effective in stimulating
TSH secretion than injections into the median eminence, anterior
pituitary or systemic circulation. The availability of synthetic
LH-RH has also‘;nabled investigato;s to test its efficacy in promoting
LH release following injection into the CSF. Ondo, Eskay, Mical and
Porter (1973) concluded that LH-RH administered via the CSF of the
third ventricle reaches the hYpophysial portal vasculature d}rectly

by diffusion or active tranSport across the median eminence. They
also concluded that LH-RH in the CSF of the cisterma magna can influ-
ence the release of LH from the anterior pituitar9 by bulk flow trans-
port of the CSF to systemic blood by way of the subdural sinuses. In
a more recent report, Ben-Jonathan, Mical and Porter (1974) concluded
that LH-RH can be transported from the CSF to hypophysial portal

blood in significant quantity and that LH-RH given intraventricularly
is more effective on a prolénged basis in stimulating LH release than
when given intravenously. Weiner, Blake and Sawyer (1971b) aftl Weiner
et al. (1972) observed that administration of LH-RH by the intraven-
tricular route to ovariectomized estrogen-progesterone primed rats,
was less effective in causing an increase in serum LH than intravenous
administration. Attempts to demonstrate system(c uptake of intra-

ventricularly injected LH-RH were unsucces§ful (Weiner et al., 1972).

Furthermore, direct uptake from the ventricle was considered to be of

e
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.brains following in vitro incubation in 3H-LH-RH revealed the releasing

and Dubois (1973), using an immunofluorescence }echnique to detect -
LH-RH, showed that specific fluorescence is found\within cértain hypo-
thalamic axons and their pericapillary endingé ogg¥he portal vascula-
tur; in the éouse, rat, hamster and the guinea pig ME. In nommal,

castrated, colchicine and testosterone treated guinea pigs, immuno-

reactive LH-RH was found within the perikarya of neurons sgattered

throughout a large area extending from the preoptic and septal area

6

to the caudal part of the ;uberlkinereum. 'Localizétion of specific
fluorescence was restricted mainly to the pre- and suprachiasmatic
region, although a pre- and post-anteriér commissural and a parolfac-
tory lotalization was also distinguished (Barry, Dubois, Poulain an;

Leonarqgllf,‘1973; Barry, Dubois 3nd Carette, 1974). -Pelltier, Labrie,
Puviani,iArimura and Schally (1974) reported the immunoh istochemical
localization of the neurchormone in the sec}etory granules (750-950 R)

aof some nerve terminals situ&ted in the palisade layer of the rat ME..
Curiously,‘however, no mention was made of localization within ependyma ~
in any of these reborts. Empioying similar pfocedures (Baker, Qg;ﬁde ™
and Reel, 1974), LH-RH was localized with variable distribution in the

ME of the mouse, rat and guinea pig. However, it was not detected in

1;e perikarya of suprachiasmatic:'ventromedial, ventroiateral, arcuate,
paravéntricular or supraoptic nuclei or more particularly in the epen-
dyma of any of these specie;. S€ta16 gg_gi;_(5975) determined that

LH-RH staining of ependymal cells of the rat third ventricle in their
experiments was aén-specific. A recent light and electron microscopic

-

autoradiographic investigation of the medial basal hypothalamus of rat

factor within tafycytes and perivascular glia in the palisade zone of




the ME (Scott et al., 19743), supporting the belief that these cells

possess an affinity for LH-RH.

2.4 Scanning Electron Microscopy of the Third Cerebral Ventricle

Scanning electron microscopy has been employed increasingly
in recent years to examine the morphological features of the ependyma
lining the third ventricle in several mammalian species (Scott,
Krobisch Dudley, Gibbs and Brown, 1972a% Scott, Kozlowski and Dudley,
1973; Kozlowski, -Scott and Krobisch 'Dudley, 1973). |Its application
to neuroendocrine. research has a very brief history. Knigge and Scott
(1970j indicated that ependymal cells lining the infundibular recess
of the third ventricle judging f%om,their 6orphology and architectural

. [ 4
arrangement, subserve some functional relationship between CSF of the

third ventricle and blood of the pituitary portal plexus. In pursuit
of data to support this view, they were the first to examine regional

differencég‘within the area of the infundibular recess with the SEM.

.

Their study revealed that within the area of the rat IR, theré were
é$endymal specializationé (at the ventricular surface) which they be-

‘

lieved were consistent with evidence of intense transfer activity, thus
suggesting that the role of these cells may be the extraction and
transport, of some releasiqg hormones placed in fhe CSF at sites dis-
“tant from the ME. The scope of subsequent SEM investigations has been
e;tended'to iﬁclude,topographjcalLanalyses of the lateral ventricles
and choroid plexus in the cat (C]ementi and Marini, 1972; Noack,
Dumitrescu and Schweichel, 1972), rat (Peters, 1974), sheep (Kozlowski,

-

Scott and Murphy, 1972) and dog (Allen and Low, 1973); the fourth
’ e . .
ventricle and circumventricular organs in the rat (Torack and Finke,
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1971), rabbit, cat and squirrel monkey (Weindl and Jqynt, 1972a, b)
as well as normal and developmental abnormalities in rat ependyma
and choroid plexus (Chamberlain, 1972, 1973). The morphological

4

features of the epeﬁdymal surface of the rabbit, rat, mouse and human
third ventricle have also beeprﬁéscribed (Bruni, Montemurro,‘CIétten—
burg and Siﬁgh, 1972; Scotf, Paull and Krobisch Dudiey, 1972b; 8runi,
1974; Bruni, Clattenburg and Montemurro, 1974; Mestres,.Breipohl and
Bijvank, 1974; Scott, Kozlowski and Sheridan, 1974b). Within certain
ar;as of the ventricle in all species examined, specializations -of the
ependymal s;rface were consisteﬁtly found which were suggestive of a
possible secretory or absorptive capacity. To avoid repetition,
further discussion of this topic is provideq in subsequent sections

of tHi§ dissertation and yiil therefore not be elaborated upon further

at this time,

2.5 Transport of Hormones by the CSF and Ependyma -

«

Recent attempts to further elucidate the involvement of the
ependyma and the CSF in pituitary regulation include both qualitative
and quantitative data on the transport of various hormones to the
portal vasculature and pituitary following systemic and/or ventricular
administration. Evidence for the possible existence of a CSF to ME-

pituitary transport route for both cortisol and thyroxine, either for
the purpose of metabolic or feedback suppressive effects, is provided
by Kendall et al. (1969, 1972). Following injection of radiolabelled

ACTH, thyroxine corticosterone and TRH into the lateral ventricle of

rats selective concentration in the ME occurs (Kendall et al., 1972).

Ondo, Mical and Pdrter (1972) and Porter

t al. (1972) have demonstrated
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that a variety of labelled compounds when placed in the third ven-
tricle transfer in significant quantities from the CSF across the ME
to the hypophysial portal system and are present there in concentra-
tions greater than in the blood of peripheral vessels. In considering
the ME as the site of exchange between the CSF and the portal blood,
the possibility that ependymal cells may constitute a potential link
between the two cannot be excluded. Recent in vitro and in vivo
evidence has demonstrated the ability of median eminence tissue to
engage in active transport of amino acids and thyroxine by an energy
dependent process and suggests that the ependymal component of the ME
may be responsible for this metabolic ability (Silverman, Knigge'and
Peck, 1972; Silverman and Knigge, 1972; Knigge and Silverman, 1972).
Twelve hours following intramuscular injection of tritium-labelled
17-8 estradiol in the Rhesus monkey, Anand Kumar and Knowles (1967)
and Anand Kumar and Thomas (1968) found radicactivity in samples of
CSF at a level one-eighth of that found in the plasma. Following sim-
ilar injections in ovariectomized monkeys, a strong concentration of
activity was found in the specialized elongated ependymal cells situ-
ated anterolaterally in the tuber cinereum.

Signjficant free movement of the proteins horseradish peroxi-
dase (HRP) and ferritin from the ventricle into the neuropil underlying
ciliated ependyma has been documented. Ogata, Hochwald, Cravioto and
_Ransohoff (1972) observed the transventricular absorption of HRP to .
occur mainly intercellularly and perivascularly in the lateral ventri-
cle of both normal and hydrocephalic cats. Only some ependymal cells
were found to contain vacuoles filled with quantltieg of the enzyme,

a situation indicative of intracellular diffusion. In rats, appreciable

L3
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amounts of ferritin injected into the CSF similarly traverse the epen-
dymal epithelium by intercellular diffusion (Brightman, 1965). A
larger fraction of theﬁprotein, however, enters the ependyma by pino-
cytosis and is eventually segregated within membrane enclosed organ-
elles. The ependymal epithelium overlying the ME, in contrast, is
impermeable to the free passagéfbf HRP injected into the CSF (ﬁeése

and Brightman, 1968; Brightman and Reese, 1969). This finding peculiar
to ependyma in this region necessitates that active mechanisms of up-
take rather than passive diffusion be invoked. The uptake of HRP by
ependymal perikarya and their pmbcesses observed in the ME of the
mouse, rat and quail, following injection into .either %he third ventri-
cle or subarachnold space, was viewed by Kobayashi (19}2) and

Kobayashi et al. (1972) as direct evidence of }hé capacity of these
cells to absorb ventricular fluid and transport it to the terminals

of their processes. No indicatfon, however, of uptake and transport

3

of either peroxidase or the amino acid “H-phenylalanine by the epen&yma
of the feline ME coyld be detected after their int}aventricular‘in-
jection (Weindl and Joynt, 1972a).

Catecholamines administered intraventricularly exert a signifi-
cant influence on the secretion of hormones from the anterior pituitary.
Injection of epinephrine into the third ventrfcle of the estroug,rabbit
or the pentobarbital-blocked proestrous raé induced‘ovulation (Sawyer,
1952; Rubinstein and Sawyer, 1970). Studies of Schneider and McCann
(1969, 1970a), Kamberi et al. (1970a, b; 1971a, b, <) and Porter g&_gl;
(1972, 1973) demonstrated that intraventricular injection of dopamine,

. epinephrine or norepinephrine caused an appreciable release of lutein-

izing hormone (LH) and follicle stimulating hormones (FSH) in the

.




male rat, presumably by regulating the concentration in hypophsial

stalk blood of releasing factor activity. This stimulatory effect of
dopamine on LH-RH release in the rat is blocked by estradiol injected
into the third ventricle (Schneider and McCann, 1970b) and is con-
sistent with the report that a dose of estradiol which is systemically
ineffective can inhibit LH release when injected into the third ven-
tricle of ovar;ectomized rats (Orias, Negro-Vilar, Libertun and McCann,
1974). Furthermore,'injection of cag'pholamines into the third ven-
tricle has also been shown to cause changes in electrical activity of
the ME and arcuate nucleus--areas known to be involved in the regula-
tion of the secrgtion of anterior pitui;ary ho;mones (Weiner, Blake,
Rubinstein and Sawyer, 1971a). Changes in electrical activity in

these areas have been correlated with an ovulatory surge of LH (Terasawa
and Sawyer, 1969). These findings correspond with morphological changes
in the ependymal lining of the third ventricle of the male rat following

intraventricular administration of catecholamines, in amounts known

to stimulate the secretion of releasing factors (Schechter and Weiner,

~ L]
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1972). Thpir observations reveal an alteration in the mofphofogy of

the ependymal surface of the floor and lateral recess of the third
ventricle immediately following epinephrine or dopamine administration.
This increased surface activity was interpreted to represent a secretory
process of unknown nature in which fragments of ependymal cell Fytoplasm
were released into the CSF. The pituitary responsiveness to intraven-
tricular administration of ﬂprmones is not necessarily explain;d by
transependymal transport through the ME. Duvernoy and Koritké (1968)
described subependymal capillary nets that anastomose with the primary

plexus and long capillary loops from the priﬁary plexus in close




contact with the CSF of the third ventriéle. Thus the possibility of
direct uptake albeit a remote one (Weiner, Terkel, Blake, Schally and
Sawyer, 1972) into the capillary plexus of the portal system cannot
be excluded. An alternative explaqgtion for the efficacy of sub-
stances such as dopamine has been advanced by Weindl and Joynt (1972a).
A free exchange between the extracellular fluid of the arcuate nucleus
and the CSF was postulated whereby, by a process akin to iontophoresis,
action potent{éls generated in these neurons leads to the discharge
of releasing hormones Frém their axon terminals into the portal vas-
culature with subsequent adenohypophysial hormone release.

There is little information regasrding the involvement of the
CSF and ependyma in the transfer of releasing hormones from their
origin in the brain to the hypophysial portal blood. Attempts have )
recently been made, however, to demonstrate that releasing hormones
are transported from the ventricular system to the portal circulation.
3H-TRH infused into the lateral ventricles resulted in rapid localiza-
tion of the tripeptide in cells of the arcuate nucleus and in the
ependyma of the ME (Knigge et al., 1974). Similarly, in vitro incuba-

tion of the ME with >

A-TRH also revealed concentration in the ependyma
with virtually no evidence of localization in nerve terminals. Kendall
et al. (1972) observed a selective concentration of ]“C-TRH in the
median eminence and paradoxically in the posterior pituitary after
microinjection into the lateral ventricles. The functional significance
of this observation was tested by comparing the effects of synthetic
TRQ\injected systemically and into the lateral ventricle of rats on

thyrof&'?iimuléiing hormone (TSHf secretion (Kendall, Rees and Kramer,

1971; Kendall et al., 1972). Since TRH inj;ction into the ventricle
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was found to be no more effective than intravenous injection, it was
concluded that, although the transport of TRH from the CSF to the
pituitary could not be excluded, it was not supported by the findings.
A similar study (Gordon, Bollinger and Reichiin, 1972) demonstrated
that although TRH can reach the anterior pituitary from the third ven-
tricle, this route of administration was less effective in stimulating
TSH secretion than injections into the median eminence, anterior
pituitary or systemic circulation. The availabilnty of synthetic
LH-RH has also‘;nabled investigato;s to test its efficacy in promoting
LH release following injection into the CSF. Ondo, Eskay, Mical and
Porter (1973) concluded that LH-RH adminis;ered via the CSF of the
third ventricle reaches the hYpophysial portal vasculature dfrectly

by diffusion or active transport across the median eminence. They
also concluded that LH-RH in the CSF of the cisterna magna can influ-
ence the release of LH from the anterior pituitar; by bulk flow trans-
port of the CSF to systemic blood by way of the subdural sinuses. In
a more recent report, Ben-Jonathan, Mical and Porter (1974) concluded
that LH-RH can be transported from the CSF to hypophysial portal

blood in significant quantity and that LH-RH given Intraventricularly
is more effective on a prolénged basis in stimulating LH release than
when given intravenously. Weiner, Blake and Sawyer (1971b) ar Weiner
et al. (1972) observed that administration of LH-RH by the intraven-
tricular route to ovariectomized estrogen-progesterone primed rats,
was less effective in causing an increase in serum LH than intraverous
administration. Attempts to demonstrate system(c uptake of intra-

ventricularly injected LH-RH were unsucces;fu] (Weiner et al., 1972).

Furthermore, direct uptake from the ventricle was considered to be of

Va
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questionable physiological significance since the'kequi-effective'

intraventricular dose was considerably higher thgc the intravenous
dosage. Spies and Norman (1974) recently demonstrated that LH-RH
infusion (30 minutes) directly into either the pituitary or third
vgntricle of ovariectomized Rhesus females res;}ted in.a significant
rise in serum LH over saline infused control levels. Pretreatment
with 17-B estradiol potentiates the LH response to ventricular but
not pituitary LH-RH administration.

Al;hough the possibility that hypophysidtrophins, whatever
their source, reach the ME via the CSF of the third ventricle is most
attractive, supportive data i; clearly indirect and the need for much
additional work apparent. In order to establish the physiologicai'

, significance of such a system unequivocally, Ondoﬁgg_gl;_(l973) have
stressed the importance of demonstrating both the presenc; of hypo-
physiﬁtrophins in the CSF and also the relationship between‘their con-
centration in the CSF and the rate. of release of hormones. from the
anterior pituitary. The presence of releasing f;ctors in the CSF

has been postulated by a few .investigators. The studies of Eik-Nes,
Brown, Brizzee and Smith (1961) have indicated that a 'corticotrophin
influencing factor'' may be present while Averill and Kennedy (1967)

. consider that there ar; low concentrations of TSH-releQSing suLstanc;s
in the CSF of the rat. The presence of releasing factors ithin the
€SF has recently been demonstrated- in a few laboratqries. Knigge

t gl;_(197h)\andlknigge and Joseph (1974) measured TRH activity by

..l’l vitro pituitary assay In the CSF of the rat third ventricle and in

.

the lateral and fourth ventricles of the monkey under normal condi-

tions. They found that conditions known to alter hypothalamo-

Y




38

pituitary-thyroid relationships in the rat such as cold exposure or
thyroxine treatment markedly decreased the concentration of TRF in
the CSF. Morris, Tandy, Sundberg and Knigge (1975), Morris and

Knigge (1976) and Asai and Uemura {cited in Uemura et al., 1975) have

\

identified the presen&e of LH-RH in the ventricular fluid. Signifi-
cant increases in the endogenous LH-RH concentration of third ventri-
cular CSF were produced in rats following hypothalamic deafferentation
(Morris et al., 1975) and in response to ether anesthesia (Morris and
Kniggé, 1976). Not all results, however, have been positive. The
observation that ectopic adenohypophysial implants in contact with the
CSF of the third ventricle were not p}eserved, prompted Halasz, Pupp‘
and Uhlarik (1962) to conclude that the CSF did not contain gonado-

-

trophin-releasing factor in physiologically significant amounts.
Grazia, Kamberi and Porter (cited in Porter et al., 1973) were unable
to demonstrate releasing factor activity in artifigial CSF th;t had
been collected after ventricular perfusion with or without dopamine
presumably in amounts known to elicit releasing %a;tor secretion.
Cramer and Barraclough (1974, 1975) not only failed to find detectable
levels of LH-RH in the CSF of the rat third ventricle but also founda
that neither intra-arterial administration of the peptide nor electro-
chemical stimulation of the medial preoptic area altered this concen-

tration even though both procedures resulted in significant release of

pituitary LH.



3. MATERIALS AND.METHODS

3.1 .Experimental Animals

The rabbit (Qryctolagus cuniculus L.), was selected as the

-

principal experimental animal for this investigation primarily because
oQulation in this species normally occurs either following coitus
(Heape, 1905) or as a result of some form of stimulation‘ other than
€oitus. S}nce ovulation therefore occurs reflexly, there is a defi-
Tite time interval between mating and follicular rupture’that can be
defermined accurately. This has been used to advantage in certain of
our experiments in which the ventricular ependyma was examined
following ovulation induced by the administration of syn}’etic LH-RH.
Furthermore, in the absence of sophisticated immunoassay procedures,
‘examining the ovaries for rupture sites affords a convenient and reli-
able method of confirming ovulation. .
Inasmuch as the period of gestation in the ;aSbit averages

approximately 31 days (Friedman and Lapham, 1931) and the corpora
lutea of pseudo-pregnancy remain active for approximately 17-20 days

(Hammond and Marshall, 1925; Friedman and Lapham, 1931) during which

time ovulation cannot recur, sexually mature female rabbits used in,

]0vulation may be induced by mechanical stimulation of the
vagina artificially applied (Hammond and Marshall, 1925; Bishop, 1933),
by the behaviour of the buck in the absence of vaginal penetration or
when mounted by another doe (Hammond and Marshall, 1914), by electri- -
cal stimulation of the whole CNS (Marshall and Verney, 1936), or ventral
hypothalamus (Markee, Sawyer and Hollinshead,\l9h6; Harris, 1948), eor
by injecting extract of anterior pituitary or urinary gonadotrophin
' (Bellerby, 1929; Friedman, 1929; Friedman and Lapham, 1931).




this investigation were isolated by individual caging from males and
other females for a minimum of 25 days prior to use to avoid the
possible complication of pseudo-pregnancy (Hammond and Marshall, 1925)
or ovulation induced by anothe} female (Staples, 1967). All animals
were maintained under conditions of constant lighting (12 hours
light, 12 hours darkness) and temperature (22 % 2°C). They were fed
ad libitum with a standard diet (Rabbit Pellets,'ﬂaster Feeds) and
allowed free access to drinking water. ’
Virgin female Sprague-Dawley rats (200-300 gm body weight)
and CR.I mice (25-30 gm body weight) were also uséd in a comparative
s tudy auring the course of tgis investigation (Chapter 4.2). They
were anesthetized with 25% urethane (0.7 ml /100 gm body weight) and
5% Evipan (0.006 ml/gm body weight) respectively. The brains were
fixed by vascular perfusion as detailed below. The volume of fixative
used was 250 m! for eagh rat and 100 ml for each mouse. Human post-
mortem material, both male and female, was ‘'obtained shortly after
death. At autopsy, the brain was removed, the diencephalon excised,
washed in Qa!anced salt ;olution and fixed by immersion at 4°c for 24

hours. Fixation as well ‘as the subsequent preparation of the tissue

for SEM'was identical to that described in Chapter 3.5 for the rabbit.

3.2 Procedure for Fixation by Perfusion

Al} rabbits uséd in this study, were anesthetized in prepara-

-

tion Fo?\perfusion fixation with an aqueous solution of 25% urethane
(ethyl ‘carbamate) administered intravenously (1.25 g/kg body weight)
- . v " ’ . o

in the marginal ear vein.

The ‘abdominal cavity was opened by a.midline incision through
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the linea alba and then the descending aorta clamped at the level of
the renal arteries. The thorax was opened by a longitudinal midline
incision fhr0ugh the sternum. The perica;aium was carefully dissected
to expose the heart, and the cannula carrying the perfusate inserted
into the ascending aorta through a small incision made in the apex of

the left ventricle. A similar incision in the right atrium served as

_an gutlet for the blood and perfusate. Once ihe cannula was positioned,

'

the ventricular myocardium was clamped with a hemostat around the

point of insertion of the cannula to prevent reflux of the fixative.

3.3 Preparation of Tissues for Light Microscopy ’

—~ _,. Regional differences in the structure of the ependymal lining

throughout the entire ventricular wall were systematically investi-

: - :
gated in brains from rabbits prepared for serial light microscopy.
Because of our particular interest in tracing»thé distribution of tan-
ycytes, suitable histological methods applicable to the staining of
these cells were necessary . in view of the difficulties inherent in

all histological methods for the staining of neuroglia, it was not

surprising to find littﬂh.information in this regard on the staining
of ependyma in general and tanycytes in particular. The metHodology

.

was selected primarily on the basis of its reported suitability for
demonstrating tanycytes. In one series of preliminary studies, the
brains of rabbits were fixed in situ by vascular perfusion of either

¢ .

4% formalin or 10% neutral buffered formalin and following digsection

of the hypdthélgmi, fixation was continued overnight by immers ion in;

a voldme'of the sameﬂfixatlve,ét 4';. Frozeq sections {(15~20 um thick)

were subsequently cut on a cryostat and individually impregnated with

-
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uranyl nitrqfe according to the silver staining technique described

B

b& Gallyas (1970) for fibrous neuroglia. The brains from an add)tional
. t "

series of rabbits were fixed by petfusion with Bouin's fluid, sub- .

sequently dehydrated and cleared in dfoxaneg(Ldna, 1968) ‘and embedded
in paraffin. Six to twelve um thick serial sections were then cut and

stained with chromium hematoxylin-phloxine (Gomori: 1941; Luna, 1968).

L -

Finally, the brains from an additional series of rabbits were prepared

acco}ding to Ramén-Moliner's tungstate modification of, the Golgi-Cox

!
technique (Ramén-Molinér, 1958, 1970) and celloidin embedded.

A1l light mic¢rographs were taken using a Zeiss photomicroscope -

and Kodak Panatomic-X-35 mm film with or without appropriate filters.

Negatfves were developed in Kodak Microdol-X (undiluted) at develop-
ment times appropriate to the termperature of the developer solution

and yie)dfng negatives of average contrast.

-
hd Ay

Photographs of gross specimens were taken with Kodak.Panatomic-

-~

X film and 3eve10ped as above or Kodachrome 11 (daylight) colour trans-

parency film. Optimal results were obtained using a close-up bellows

-

with a 105/mm lens .and attached ring flash (medium intensity) at F 8

or 11 for_black hndlwhite and F 5.6 - B for colour film.

-

-

3.4 'Preparatian of Tissu;s for;T;agsmission Electron Microscopy
(i) Fixation
- Spec{mens Breé%reé for TEM were fixed in situ by vascular per-
fusion of lSObimlqu’a modi fied Karnovsky's paraformaldehyde-
;l?tarqldéﬁyde fixative (Karnovsky; 1965) in 0.1M phosphate buffer
‘(Karlshon and Schultz, 1965). The perfusion apparatus employed in

this investigation was an open regulatable gra®ity-fed system located

]
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150 cm above the leQélef the cannulated aorta. It thereby provided
a perfusion pressure equivalent to 150 cm H,0 (110 mm Hg) and a flow

2
rate of 35-40 ml/min. A more detailed description of this apparatus

has been previously reported (Clattenburg, 1972). The Kamovsky-
Karlsson and Schultz method of fixation was modified by Clattenburg
(1972), Cllattehburgﬁg_l_. (1971, 1972a, b) to provide for a final
ﬁéxative concentration of 2.5% glutaraldeh;de-l.BZ formaldehyde and
‘an psmolarity of approximately 1200 mOsM. v
All fixatives were freshly prepared just prior to perfusion,
heated te 395C'and oxygenated before being introduced 3ﬁto the vascu-

lar system. Exsanguination with 35-40 ml of phosphate buffer alone

- preceded perfusion with the above fixative.

[
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- (ii) Excision of Ventricular Ependymal Blocks

Following perfusion fixation, the intact brain and attached
infunaibular stalk were carefully removed from the cranium (Plate 1a,
b). A block of tissue containing the dienceph;lon was then excised
(Plate 1c), carefully split in th; mid-sagittal plane (Plate 2), washed
with 0.1M phosphate buffert(m?mhalian Ringer?Locke&oriHank's balanced
salt solution) and further fixed by immersion in a volume of the same
fixative for 2-14 hours ét kec. Folléwiné i;itl;l fixation, small
pieces of hypothalamic tissue (1 ﬁm3) contaipingiventricular ependy&a
were excised from the hemisected diencephalic blefks’gslng a finely | N
.sharpened" cataract needle.2 All tissues were removed with the aid of'

a Zeiss binocular -dissecting microscope. A photomicrogrdph of the

O
[y . . .

Zniltex instrument Co., New York, N.Y., U.S.A.



Plate | a, Dorsal view of the intact rabbit brain removed from the
cranium folfowing in situ fixation by vascular perfusion.
08, olfactory bulb; CH, cerebral hemisphere; VE,.vermis;
PM, cerebellar hemisphere (paramedial lobule); PF, para-
floccular lobule; MO, medulla oblongata.. X 2,

b, Ventral view. MO, medulla eblongata; PO, pons; PL, pyri-
form lobe; OT, olfactory tract; 0B, olfagtory bulb. X 2. )
c, Diencephalic block excised from the intact rabbit brain
- shown above (ventral view). The infundibular stalk has
been removed in this preparation to reveal the overlying
third ventricle. ON, optic nerve; OCh, optic chiasma;
0T, optic tract; Tc, tuber cinereum; Vin , third ventricle;
MM, mammillary body; |11, oculomotor nerve. X 8.
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Mid-sagittal section through the hemisected rabbit diencepha- * 1
lic block Tllustrating the location (numbers 1 through 6) on .
the ventricular surface from which small representative
samples of hypothalamic tissue containing ependyma were
removed for TEM examination. AC, anterior commissure; OCh,
optic chiasma; MTN, midline thalamic nuclei; MM, mammillary

body; PC, posterior commissure; IR, infundibular recess;
MR, mammillary recess. X 8.
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diencephalic block in sagittal section (Plate 2) illustrates the loca-
tions on the ventricular surface.from which the ependymal blocks were

excised.

“(iii) Post-fixation, Dehydration, Embedding and Sectioning

The small blocks of hypothalamic tissue with ventricular epen-

dyma attached were washed thoroughly in 5.43 phosphate buffered sucrose

and post-fixed in 1% osmium tetroxide (Osou) in the same buffer at 4°C.
The tissues were then rinsed in distilled water (dHZO), stained '‘en
block'' with a saturated aqueous solution of uranyl acetate, and sub-
sequently dehydrated in graded ethyl alcohol and propylene oxide.

All specimens were placed in flat embedding molds and oriented with
the aid of a Zeiss dissecting microscope. The embedding medium used
was Epon 812.° %or orientation, thick epon sections (0.5-1.0 pm) were
cut on a Reichert RU2 automatic microtome. Sections were mounted on
glass slides and stained with a 1% solution of Mallory's azu; 11-
methelene blue (Richardson, Ja:ett and Finke, 1960) for 30 seconds or
less at 50°C.

Ultrathin sections Qere also cut on ; Reichert RU2 automgtic
microtome. These were placed on 75 x 75 or 100 x 100 mesh copper
grids coated with 0:25-0.32 formvar and stained with lead citrate
(Reynolds, 1963; Venable and Coggeshall, 1965). Sections were viewed
with an AEl EM .801 e}ectron microscope. All electron micrographs were
taken yon - 11 ford ;ype E NhESé 70 mm roll film and developed in Kodak

D-19 developer for sjx minutes at 20°C.

3.5 Preparation of Tissues for Scanning Electron Microscopy

Specihens prepafed for SEM were fixed in situ by vascular

<

48



perfusion of 1500 ml of 1.3% formaldehyde-2.5% glutaraldehyde in 0.1M
phosphate buffer as previously described for TEM (Chapter 3.4i). The

procedure employed for fixation by perfusion has already been out~

lined in Chapter 3.2. After the brain was remoyed from the cranium,
a block of tissue containing the diencephalon was excised, split in
the mid-sagittal plane and theqtpinﬁed to a thin piece of cork so as
to expose the ventricular surface to be examined (Plate 3). The prep-
aration was quickly rinsed in Hank's balanced salt solution (0.1M
phosphate buffer or mammalian Ringer-Locke solution) and then further
fixed by immersion in a volume of the same fixative for two hours at
4°C. These steps and all subsequent steps are carried out with con-
stant gentle agitation. Hemisected pieces of the diencephalon were
subsequently washed in 5.4% sucrose in 0.1M phosphate buffer, post-
fixed in 1% phosphate buffered OSOM, dehydrated in graded alcohols

and then placed in acetone for critical point drying using liquid CO2

without prior infiltration with amyl acetate. Alternatiyely, the 'y
treatment of some specimens subsequent to alcohol dehydration was ‘
according to an improved technique of specimen preparation for SEM
described by Watters and Buck (1971)3 The principal features of this
procedure involve the further dehydration‘in acetone and propylene

oxide, extraction of lipid; in benzene, and finally drying by sublima-
~tion of camphene at room temperature. The advantage afforded by this
procedure as with the critical point method is to minimize tissue

surface damage that ordinarily occurs as a consequence of surface

tension forces when air drying from a liquid.

Dried specimens were mounted 0}21/2 inch aluminiumstubs,

coated under vacuum with gold, gold-palladium or silver (approximately




Plate 3

Mid-sagittal section through the hemisected rabbit diencepha-
lic block showing the exposed surface of third terebral ven-
tricle precisely as examined with the SEM. AC, anterior
commissure; OCh, optic chiasma; MTN, midline thalamic nuclei;
MM, mammillary body; PC, posterior commissure; IR,

infundibular
recess; MR, mammillary recess; Vin

, third ventricle. X 8.
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20 nm) and viewed with a Cambridge Stereoscan or Hitachi HHS-2R scan-
ning electron microscope. All scanning electron micrographs were

taken on Polaroid Land film (200 speed, type 42 or 3000 speed type 107)

' or Kodak Plus-X panchromatic 35 mm film developed in Micrgdol-x or

microphen (undiluted)-at times abpropriate to the temperature of the
[ 4

developer solution yet yielding negatives of average contrast.

3.6 Procedure for Intraventricular and Systemic Administration of

Luteinizing Hormone-Releasing Hormone (LH-RH)

.

. . ‘
_ Female white New Zealand rabbits ranging in weight from 3.0 -
6.3 kg (% 4.4, S.D. 0.8 kg), were used in this investigation. All

does were initially anesthetized with either light ether or a single

\

v

unsupplemented dose of an aéueous solution (25% w/v) of urethane in-
jectea intravenously (1.25 g/kg). Following anesthesia, prior to LH-RH
administration, all animals were laparotomized to ascertain that the
ova}ies showed no evidence of recent ovulation or luteal formation and
to confimm the presence of mature follicles. Clear cystic follicles

bulging from the surface of the ovary were considered mature

(Virufamasen, Hickok and Wallach, 1971). Urethane anesthetized rabbits

_'were also subsequently fitted with a tracheal cannulé?through a small

longitudinal tracheostomy incision. In the first series of experi-

ments, synthetic LH;Rﬁuaissolved in 0.15M NaCl, was adminsitered in

doses ranging from 0.1 - 6.0 ug/kg body weight, as a single acute in-

jectioh’in‘the marginal .ear vein of randomly selected conscious rabbits.
' J

In a second series of similar experiments, LH-RH in doses ranging from

0.016 - 3.0 ug/kg body weight was injected intravenously in urethane

anesthetized rabbits.




'fhe efficacy of intraventricularly adminiskered LH-RH in
inducing ovulation was examined by injecting varying doses into the
late;al cerebral ventricle. Urethane ane§thetized animals were secured
in a Kopf stereotaxic frame adapted for use with the rabbit as illus-
trated in Plate 4. The tip of a 25 ul Hamilton.syringe was inserted
acutely into the lateral cerebral ventricle with the aid of a modified
system of coordinates3 (Sawyer, Everett and Green, 1954) and verified
in preliminary experiments by X-ray.h Although accurate placement was
subséquently found to be invariably associated with a positive reflux
of CSF prior to injection, the in situ locus of the needle tip in the
ventricle was routinely confirmed at the end of each experiment by
tracing the path of the needle tract under the dissecting microscope.

Synthetic LH-RH was injected in doses ranging from 0.05 - 0.4 pg/kg

body weight. The volume of solution injected was 10 ul or less. In all

N

animals, the ovaries were excised 13-16 ho?rs after injection and their

surfaces examined under a binocular microscope for the presence of

3With a.gpecial rabbit head holder in a standard Kopf frame,
the head was leveled such that bregma was 1.5 mm higher than lambda.
Using bregma as the reference point, the frontal zero plane passed
through the coronal suture, the sagittal zero plane passed through
the sagittal suture and the horizontal zero plane was arbitrarily taken
at the surface of the brain below the top of the skull. FIn prelimin-
ary experiments employed in the tentative determination of coordinates,
- the third cerebral ventricle was dismissed as an injection site be-
cause of an inability to repeatedly place our cannula in this potential
space with precision and accuracy. In its place was substituted the
lateral cerebral ventricle. Our.coordinates were selected such that
placement of the cannula was consistently in the body of the left later-
al ventricle at the level of-the interventricular foramen of Monro.

hX-rays were taken with a Philips Oralix X-ray unit using Kodak
occlusal ultra-speed dental X-ray film DF-45, 2 1/4 x 3'" A.N. standard
spged group D and developed in Xodak D-19 developer for 5 minutes at
20°C.




Pldte 4 Apparatus employed for thé intraventricular administration of .
synthetic LH-RH in the urethane anesthetized rabbit secured - .
in a Kopf stereotaxic frame. '
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ruptured follicles. The number of rupture sites and the time of ovu-

lation were recorded. The ovaries were then fixed in buffered formali

for histologi¢ examination. |If ovulation had occurred, as .evidenced

«

by presence of ruptured follicles, ova were then recovered by saline
(0.9% NaCl) flushings of the excised uteri and oviducts, and counted

under the dissecting microscope. The brains were also preserved by

-~
’

in situ fixation by vascular perfusion of 1.3% formaldehyde-2.5%
’

glutaraldehyde in 0.1M phosphate buffer (Chapter 3.2, 3.4i). Follow&n

initial fixation, one-half of the di halic block which included

the intact‘ME and adjacent periventricular ependymal surface was re-
moved and prepared: for TEM examination in the conventipnal manneyr

(Chapter 3.Lii, iii).' For comparati;e SEM, subsequent treatment of

. :
the other one-half of the diencephalic block was as described in

’

Chapter 3.5. . .
a s
In an additional series of experiments, twelve female New

Zealand rabbits ranging in weight from 3.8 -'5.2 kg (x 4.4, S.D. 0.4

kg) weré used. A 200 ng/kg dose of synthetic LH-RH (twice the pre-

determined minmimum effective ovulatory dose by this route of adminis-

1

" tration dissolved.in 0.1%M NaCl was administered intraventricularly

in six of the urethane anesthetized animals. The volume of solution

-, -
injected was approximately 10 ul. The animals were sacrificed 5 minute

and 15 minutes following inﬁection. An equal number of identically-

-,
-

treated controls received 10 ul of vehicle {0.15M NaCl) only and were
, ) ~ ‘ '

sacrificed at the same time intervals. At the time of sacrifice,.
. . rs

diencephalic blocks were prepared for TEM and SEM examination in the*

~

conventional manner as already described.

.




ing excision of the ovaries.

3.7 Syrgical Procedure Employed for Laparotomy and Ovariectomy

3

Sexually mature rabbits ranging in weight from 3.7 to 58 kg

(x 4.5, S.D. 0.6 kg) were used in this aspect of the investigation.
B ‘ [ ]

Each rabbit was randomiy allocated to either a control laparotomized

~

or an ovariectomized group. Ovariectomy was performed under asept'ic

-conditions'thljough small bilateral flank incisdpns under\i.S% Surital

(sodium thiamylal) anesthesia administered by intermittent intravenous
7-\'~m*__\ 1]

injectbon. With the rabbit in a tateral recumbant position, an adequate

area was shaved, cleansed with zephiran chloride and incised. The Iine’

of incision was situated at the ;pex of the ffriahgle formed by the

© ’ ~
last rib and}(\ crest of |I|ac bone. The ovary was then genth/ wlth-

drawn through the incision, ligated above and below and then dlssected
fi‘ee.. The wound was closed by suturing with fine chromic catgut. The
procedure followed for laparotomy was identical in altl respects excep- .
Laqparoztbmized\ animals-were sacrifited at the following post-
operativ® intervals: ys, 1 week (wk), 6 wks and 8 v}ks. Similarly,
a mimmun of 2 rabbits were sacrificed at 3 days, 1 wk, 2 wks, 3 wks,
4 wks, 6 wks, 8 wks, 16 wks and 34 wks follouing chronic ovariectomy.
At the time of sacrifice, the brains of all animals were fixed by per-
%usion (Chapter 3.2, \3.:0’!)* and ap’lraroprn_iately selected tissoe from one
hemisected diencep?valic block prepared for TEM as descrilg:ed in Chapter

3.4i1, iii. The remaining intact half ventricle was prepared for

examlnatior'ith the SEM (Chapter 3.5).
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L. RESULTS AND DISCUSSION

4.1 Morphology of the Walls of the Rabbit Lateral and

_Third Cerebral Ventricles

i) Light Microscopic Observations

Lining of the Lateral Ventricles ~

—

In the rabbit, the waJls of the lateral ventricles for the most

part are lined by a single, continuous layer of COQ?idal ependymal

cells (Plates 5b, d, e, Be). The pseudostratlflgi or stratified varlety

- aof ependymal epithellum. typically found in embryonic and neonatal

rabbits by Tennyson and Pappas (1962, 1968a) was not evident within the °

lateral ventricles of the adult rabbtt The most conspicuous feature

of ependymal cells f he adult rabbig‘lateral ventricle was their

o=
™~
largi;gzzg’nent vesicular nuclei. They were generally distinct in out-
line, regularly. spheroid or ovoid in shape and uniformly posltioned
with respect to one another. The apical surface of‘most, if not all,
cells was provided with numerous cilia discernible even at the light :

microscopic level while their basal surfaces were frequently irregular
and indistinct. The ependymalnliniﬁg as a whole nevertheless was
readily demarcated from the subjacent neuropil. Thefe findings are ié
substartial agreement with descriptions provided of typicalhependyma '

at various loci wlthln“the ventticular system of a variety of species

(Ferraz De Carvalho, Costacurta and De Carvalho Filho, 1975, Fleischhauer,

. 1961; Feldberg and Fleischhauer, 1960). 14

As- in,other spgcies, variations In the characteristics of

n ‘ ‘



Plate 5

C,

€,

Coronal sections taken through the rabbit telencephalan
at the level of the anterior horns of the lateral
ventricles. The diagram at the upper left shows the
approximate regions of the ventricular wall represented
in the photographs a - e. LV, lateral ventricle; CC,
corpus callosum; CD, caudate nucleus; DB, diagonal band;
AC, anterior commissure; LSN, lateral septal nuclei;
MSN, medial septal nuclei; 0Ch, optic chiasma.

1 4
A thin sheet-like layer of flattened ependymal cells
overlying the corpus callosum (CC). The nuclei of these
ciliated ependymal cells are widely separated and
flattened. There is not a well-defined layer of sub-
ependymal cells. CAHP. X 365.

The wakls of the lateral ventricles for the most part are
lined by a single layer of cuboidal ependymal cells as
seen here along the medial wall of the anterior horn.
Cilia invariably project from their apical surface while
the basal surface, adjoining the neuropil, appears to be
drawn out into short processes. CAHP. X 350.

Opposing ventral walls of the ventricle lined by taller
more cylindrical ependymal cells with closely packed
elongated nuclei. There is a conspicuous accumulation of
subependymal cells many of which appear, from Golgi-Cox
preparations, to be astrocytes. CAHP. X 355. )

Lateral wall of the wentricle bordering the caudate (CD).
Note the characteristically well defined layer of nuclei
(arrowheads) which are feund under the ependyma. CAHP.
X 360.

ol
Dorsolateral wald of the ventricle. Common cuboidal
ependyma overlies the neuropil. Cilia are seen on their
luminal surface which is clearly demarcated by a thin
cuticle .of ciliary basal bodies and ‘rootiets. CAHP.
X 400. .
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;pendymal cells were distinguished within different regions of the
rabbit lateral venﬁricles. Two such locations were 1) in regions of

the ventricles directly adjoining white matter such as the corpus -
[ 3

callosum (Plate 5a) and 2) along the ventral walls-of the anterior

horns of the lateral ventricles (Plate 5¢). In the former locatﬁbn,
- Yo
the ependymal epithelium was reduced to a thin, flattened or -squamous

layer of predominantly cilijpted cells. The nuclei.of these cells were

correspondingly flattened along the léng axis of the cells and widely
separated. The basal goles’of these cefﬂs were distinct, relatively A
straight and roughly paralfel to the ventri?ular surface. in the

latter location, however, taller more columnar ependymal cell;,predomr
inated. The nuclei éf these cells were elongated énd lay a]o;g an axis
perPendicdlar to tﬁ? ventricle. Tﬁey were closely packed and found at
different levels within the cells. The luminal gell surfaces appeared

ciliated for the most part while basal surfaces were indistinct, often’

appearing to be drawn out into short processes which were frequently
. . g

"directed toward subjacent blood vessels. -

' -
In Golgi-Cox preparations it was possible to distinguish within

the wa[ls of the lateral ventricle, a small percentage of randomly im-
pregnated ependymal cells against a relagively clear background (Plate

6 and 7). Ependymal cells in su;h preparations were stain;g selectively
byt ip a rather séattered fashion. They often appeared in small groups
ar‘clusters with outlines of individual cells indistinctly defined.
Confined to the outermost epftheiial layer bordering upon the ventri-
cle, there c;n be little doubt that they correspond.in position and in

distribution to the ubiquitous common mural variety of ependymal cell

identified in routine histological preparations. Although the cellular

-




outlines were irreguiar and their shape somewhat Qariable, their size
(8-14 um) approximated that of typical mural ce}lsl essumind that such
cells were stained in‘their entirety and were accurately represented in
Golgi-Cox preparations then it may be hypofhesized that not all epen-

dymal cells within the walls of the lateral ventricles are identical

in their morphology. Based on the structure of their basal poles at

least threg seemingly distinct populations of epehdymal cells may be
identified. For descriptive purposes these cells have been classified
as type | or type: Fl ependymal cells or ependymai tanycytes although
the ffrst two may perhaps be more appropriately thought of as subtypes
of the common mural cells that line the major part of the ventricular

-

wall,

-

The basal surface of the type | epeﬁdymal~cell terminated
bluntly along the in;erface with the adjoining neuropil (Plate 6b, c;
7c). Ependymal cells exhibiting this distinct characteristic we:e the
most numerous and too ubiquitéus in ‘their distributioq to~be delimited
to any one region of the ventricle. The somata of the second cell type
(type 11), were drawn out into single or multiple'shorg basal processes
(Plate 6¢c, d; 7a, b, ¢); they too were’;éndomly distributed within. the .

]

‘rwalls of the ventricle and could not-be assigned to any one particular

region. Not only were the numbers of basal processes inconstant, but

their.morphology and length were dlso highly variable suggesting that

type 11 é)lls"although’distinct, may not represent an homogeneous popu-

lation.

A4

" The bases of some type 1| cells tapered into single stout pro-

Iongétions which were found to branch ac¢casionally (Plate 6¢c, d;y™¥b, c)

while -in other cell$ multiple delicate, undivided procesées (Plate 6d, 7a)

[
’




Plate 6

!

Photographs of 100 um thick Golgi-Cox sections taken at
various rostro-caudal levels thraugh the rabbit lateral
ventricles.

The medial wall of the anterior horn equivalent to the
level shown in Plate 5b. Dendritic processes (arrow-
heads) of impregnated neurons extend to the ventricle

and terminate immediately beneath the ependymal lining.

X 166. .

Ependymal cells within the lateral ventricles representa-
tive of those most frequently impregnated by the Golgi-
Cox technique. Most of the cells in this field lack
basal processes. X 165.

Two selectively impregnated ependymal cells observed
within the wall of the lateral ventricle. A single
branching process extends from the cell on the right for
only a short distance from its basal surface parallel

to and immediately beneath the ependymal layer. No
processes emerge from the cell on, the left. X 675.

Selectively impregnated ependymal -cells in the body of
the lateral ventricle overlying the thalamus. The basal
pole of some cells taper into a single stout prolongation
while multiple_delicate processes project from the base
of others. X 700. )

.







Plate 7

a,

€,

- e e

R Ty e ——

Photomicrographs of 100 um thick Golgi-Cox sectiond, taken
at various levels through the adult rabbit lateral ven-
tricle.

A cluster of ependymal cells within the body of the
lateral ventricle. Delicate undivided basal processes
emanate from the somata and course perpendicularly for
only a short distance subependymally. X 700.

A solitary ependymal cell within the anterior horn of the
lateral ventricle representative of a variety with basal
processes that have an irregular knobby or spinous appear-
ance.” X 516. : ‘

The basal processes of some ependymal cells such as the
one seen to originate from the cell on the extreme left,
run paralle] to and immediately beneath the ependymal
lining sometimes for long distances. A part of this’
particular process shown as a shadow is stained but out
of the plareof focus. Note that the remaining cells in
the field have no processes .at all. X 465.

Ependymal cells within the medial wall of the anterior
horn near its floor with multiple processes extending
for considerable distance into the subjacent neuropil.
This population of cells is structurally similar to the

tanycyte ependymal cells of the third ventricle. X 250.

e, As in fig. d above, A horizontal process extends
immediately beneath the ependymal layer While vertically
directed processes arborize with a tangle of processes
within the subjacent neuropil. X 283.

-
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projected from their basal surfaces. Some basal prolongations were

smoothly contoureé while others possessed an irregular knoéby or
‘beaded appearance. Most either-projected perpendicularly from the.
soma for a short distance only (Plate 6d, 7a, b)'or extended for var- .
iable distances parallel to the luminal surface immediately beneath

the ependyma (Plate 6c, 7¢c). These type Il ependymal'cells as a whole ’
appear to be distincf from the tanycyte populati;n of the third ventri-
cle by virtue of the fact“that frequently, though not invariably, (1)
more than a single basal process is present, (2) the processes are
comparatively short (<60 um in length) and confined to the immediate
hypendymal zone, and (3) they do not form intrhcate relationships
Qiihinrthe neuropil. There is considerable disagreement In the liteT;-
ture as to whether ciliated cuboidal ependymal cells within the m;mma]-
ian lateral ventricles possess basal processes. In the feline lateral’
ventricle, for example, no ependymal cells were observed to send p;o-
cesses into the neuropil (Klinkerfuss, 1964), whereas in the human
lateral ventricles Malinsky (1968) concluded that '‘we cannot with cer-
tainty aecidz whgther the ependymal cslls have one long process each

as the typical tanycytes, or whether some cells have more than one pro-
cess whi‘le others have none at all.'" In the floor of .the rat fourth
ventricle, Palay (1958) described cuboidal or short columnar ependymal
Eelfs whose bases are drawn into tapering prbcesses that extend into
_the depths of the grain substance. Peters, Palay and Webster (1976)

. have recently stated that ''they (ependym;l cells) are cells with essen-

tially epithelial characteristics, and their bases do not project into

the periventrlchlar neuropil."

LI}

The third type of epéndymal cell found within the walls of the




rabbit lateral ventricles possessed one or more long undulating basal

.

processes (>100 um) that penetrated deeply into the subjacent peri-

ventriculalneuropil interdigitating wi't\h a tangle of glial and neur-

onal processes (Plate 7d, e). Ependymal cells exhibiting this &is-
tinctive cgaracteristic were localized in the rostral portions of the
lateral ventricles but the number of such cells identified was very
small. Stru;turally, these <ells exhibited features which were more .
common to the eﬁzzdymal tanycyte of the third ventricle (see below)

aqd to the more obscure ''ependymal astrocyte." Qith the exception of

a few locali;ed regions, however, ependymal cells Qith long basal pro-
cesses ktanycytes) have rarely been described in the adult mammalian
ventricular system, outside of the third ventricle (Agduhr, 1932;
Tenﬁyson and Pappas, 1962,’1968a; Klinkerfuss, 1964; Schachenmayrg 1967;
Bleier, 1971, 1972; Sarnat, Campa and Lloyd, 1975). Tennyson and
Pappas (1962) found tanycytes among the ependyma of the rabbit midbrain
aqueduct during early developmental stages but not in the adult form.
Bleier (1971) likewise observed numerous ependymal processes in the

—

rostral and ventral wall of the lateral ventricles, extending into the
, ”

‘septum and caudate nuclei in neonatal and young animals but she hhs

seen them only on rare occasions in mature animals., The epenaymal

cell variant, identiffed as an ''ependymal astrocyte'' has been dis-

tinéuished within4the subependyma of the feline lateral ventricles

(Klinkerfuss, 1964). These cells with their thick processe; béhétra-

tihg deeply Into the underlying neuropil pre§umably correspond to the
. . )

"ependymal astrocytes' identified by Tennyson and Pappad (1962, 1968a)

within the aqueducmal'ependyma of the fetal rabbit. The 'ependymal

astéocyte” as described by Horstmann (1954) in Selachians differs from




'the tanycyte in that it possesses miltiple twisted basal processes.

In the rabbit, a(consplcuous accumulation of cells was disting-
uishablé within a narrow. zone immediately iubjacent'to ependymélbf“the
lateral ventricles. A moré or less continuous layer of subepe&dymal
cells is most prominent Qithiﬁ the walls of the.r;strél port[ons of
the ventricles (Plate 5b-e, ¥Be), esp’ecially within its lateral\wal-ls
(Plate S5c-e; 8e). Rostrally: the subepé%dymal layer of cells gftenQS
around the flooriof the ventricle énto the medial walls (Plate-5b, E)-
while caudélfy*it gradually disappears from the lateral walls of the_
ventricle in a ventral to dorsal gradient. Coextensive with the sub-
ependymal cellﬁ}ar layer, and closely related to the epenQymal lining .
itself, is an extensive periventricular vascular network (Plate Sb-e;
8e). As noted in the lateral ventricles of the rat (ﬁirano and .
ZimmermaH, 1967), épend&mal cells of;en appear to directly abut thesg; -

-

"periventricular blood vessels.

The cellular composi;ién and functional significance of the
subependymal aggregations of cells is not fqlly known. |t has been
Hescribed by a number of investigators who believea it to represent
a vestige of an actively mitotic lamina during embryogic Iife‘(épalsk},
41933; Kershman, 1938; Globus and Kuhlenbeck, 1944; Shimizu et al., 1957;\

» ‘

Fréide,'l961; Fleischhauer, 1961; Smart; 1961; Tennyson and Pappas,
1968a; Ngstergaa;J, 1970). From observations made in the rabbit astro-
cytes :hose" tel:m'n | expansions fo‘rm,tlle perivascular glia limit:'-ms by
ensheathi%g tbe nume rous blood vesselg in the immediate vicinity make
ub a significant component of this lamina. There are few places in the

central nervous System where astrocytes are so concentrated as they

are subependymally within the periventricular stratum (Palay, 1958;
) ‘ f
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Klinkerfuss, 1964). -

" The: presence of neuronal processes within the ependymal lining ~—
g{ the cerebral ventricles has been established in a variety of verte-

”bratesrfehapter 4.3). In the rabbit cerebral'ventrlhles'(Rlate 6a,
lateral ventricle; Plate l6e, third ventricle) small multipolar neurons

-were occasionally found randomly distributed within the periventricular
2

zone whose dendritic processes were directed towar&_the ventricle,

L)

Such dendrites commonly terminated immediately beneath the ependymal

lining ordfollowed e‘sourse parallel to but lmmedlétely subjacent to

-

the bases of the ependymal cells. .No evidence was found, hohever, to

indicate that these processes actually extended bewgnd the ependyma
- ) _into the lumen of the ventricle.  Astrocytic processes have Jlkiaise
been observed which take a similar course to the neuronal processes

(Plate 16f). Other neuroglial cell types with processes that extend,
. A

-

. to the ventricular surface have been described both within the epen-
- 7 : . . . ‘ .
dymalnand subependymal regjons_of the ventricular walls. Prbcesses.

LY

*

-6f ''spider cells" and'microglial cells that extend to“the{;entri‘ular

surfife and terminate beneath or within the ependyma havg been described

— by’Bleier (l97l 1972) and Cammermeyer (1965) respectlvely It'::s

-
>

suggested that on the basis of their relationships these cells may be

-

‘ engaged in transport between neurons, between the ependyma and. the CSF
b .
or between the CSF any blood. tn the rabbit,,the arcuate nuclei

“ (Ptate "12a, c, d, e) which lie within the petlvehtrIEUlar zone‘fre-
. quently show gondeﬁsé?Tnns of~the|r mlcrogllal-llke cellular compon-
.ents which come to‘Tle adJacent to the ventrlcular wall (Plate LZd e):

\ -

- Lining of the Third Ventrlcle

~

ar

- . > For the convenlence of presentatlon, the third ventrtcle (with

‘ © o of
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its ependymal lining) haisbeen divided into three regions: (1)
ventricle adjoining the rostral hypothalamus, (2) tuberal region; and
(3) caudal hypothalamus. At the transverse level of the tuberal
regioﬁ, the third ventricle may be subdf}ided further into the dorso-
_lateral walls on the one hand and the veﬁ:?olateral walls and floor on
the other. The greater part of the lining of the third ventricle is
comprised of ciliated cuboidal ependymal cells not unlike those al-
ready described Qhrouggout most of the lateral vent;icles. In routine
hi;tological preparations, ; single, uniformly organized layer of such
cells was most commonly distinguished &ithin the walls of the third
ventricle bordering upon the rostral hypothalamus (Plate 8a, b), caudal
hypothalamus and dorsal tuberal region (Plate 10b, c; llc, d, e). As
in the lateral ventricles, tHe ependyma of the third ventricle was also
comprised of different kinds of cells which could be classified accOY-\
ding to the structure of their basal poles. In Golgi-Cox preparations,
the ventricular wall adjoining the rostral hypothalamus, dorsal tuber-
al region and céudal hypothalamus was distinguished by the presence of
impregnated{eﬁ%ndymal cell clusters (Plate 9c, 13b-d) bearing } striking
resemblance to both the type | and Il ependymal cells identified within
the lateral ventricles (élate 6b-d; 7a-c) of the rabbit. Although both
ependymal ce&l variants conformed with the common mural type of ependy-
mal cell in their distribgtion within the walls of the third ventricTle,
type 1l cells were more frequently encountered within the lateral walls
.of the supraoptic recess adjoining the rostral hypothalamus (figure 1,
coronal levels 1-4) whereas type | cells predominated within the dorso-

lateral walls of the tuberal region (figure 1, coronal levels 5-10).

The walls of the supraoptic recess at the level of the rostral




; \
hypothalamus)were further distinguished by the following additional

~
-,

features. In this location, a gradual transition (Plate 8b) may be
seén féom thé typical cuboidal ependyma (Plate 8a) of the dorsolateral
walls to a flattened layer of squamous cells sg;etching across the
floor of the recess (Plate 8c). Thg flattened ependyma overlying the
relatively acellular optic chiasma is similar morphologically to epen;
dyma lining white matter elsewhere in the ventricles (Plate 5a). In
contrast to the observations of Tennyson and Pappas (1968a), the’
lateral walls of fhe rabbit supraoptic recess were not found to consist
of a flattened layer of ependymal cells except in the floor of the
recess as noted above. Amid the ciliated cuboidal ependymal cells that
cover most of the lateral walls of the supraoptic recess, the ependymal
.
variant identified as the ''tanycyte" was“found. 't was distinguish-
4able from adjacent cells only by virtue ;f a basai process which
egtended into the subjacent ‘heuropil (Plate 8a; 9a, b). fIn routine
histofogicgl preparations, the faintly stained processes arosehin this
location from seeﬁingly ciliated cells within and forming a part of
the ependymal lining (Plate 8a) in this region of the ventricle. Some
processes could be followed to their. termination on blood vessels (Plate
8a) while others end indeterminately within the neuropil in close prox-
imity to periventricular neurons and neuroglia (Plate 8a; 9a, b). In

-

comparison to more caudal diencephalic levels, i.e., the tuberal region
s

of the hypothalamus (see below), tanycytes were generally not found in

large numbers within the walls of the ventricle adjoining the rostral

hypothalamus (fiéuré 1). Still fewer ependymal cglls of this type were

distinguished within either the dorsolateral walls of the tuberal region

or in the caudal hypothalamus (figure 1).

2

~
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Plate 8 a-e,

<

Coronal sections taken through the rostral diencephalon

at the level of the supraoptic nuclei. Selected regions

of the ventricle wall represented |n the photographs are
illustrated in the diagram at the Mpper left. CAHP method.
LV, lateral ventricle; CP, choroid plexus; CD, caudate
nucleus; AC, anmterior commissure; SO, supraoptic nucleus;
MP0, medial preoptic nucleus; LPO, lateral preoptic nucleus;
OCh, optic chiasma.

Within the lateral walls'of the supraoptic recess, the
scattered presence of tanycytes. (arrows) can be distinguished
among the predominantly ciliated cuboidal cells of the
ependymal lining. The tanycwges have a process that extends
peripherally from their base through a relatively cell-free
zone into the-adjacent preoptic periventricular neuropil.
Viil, third ventricle. X 472,

Within the ventroiateral walls of the recess, the ependyma
gradually assumes the charactéristics of the flattened

cells which form its floor. Tanycyte ependymal cells

were not seen within the ventral ependymal lining which"

is here closely applied to the diffusely organized cells .
of the periventricular and medial preoptic nuclei. X L6k,

Attenpated ependymal lining of the optic chiasma (OCh) .n )
the floor of the recess illustrating the laterally elongated
cells with widely spaced nuclei charactertistic of the

lining in regions where the ventricles directly border

white matter. X L68.

Large round or oval neurons of the magnocellular supra-
optic nucleus (SO) along the dorsolateral border of the
optic chiasma (OCh). The nucleus is richly vascularized
with the neurosecretory cells clustered around the blood
vessels. Some of these cells (arrowheads) contain granulies,
identified as secretory product which has reacted positively
to the CAHP. X 282.

A single layer of ciliated, cuboidal ependyma within the
dorsolateral wall of the anterior horn of the lateral
ventricle as in Plate S5e. Beneath the ependymal lining

is an accumulation of subependymal cells characteristically
seen within the lateral walls of the ventricle. At this
rostrocaudal location, the subependymal cell accumulation
is especially conspicuous. ‘LV, lateral ventricle; CP,
choroid plexus. X 480.







rabbit. Above the level of the infundibular recess, tanycyte pro- &

ce#;es generally extended horizontally, penetrating the hypothalamic
neuropil to varying depths (Plate 11b, 12¢c, 13a) they weére most com-
monly found to end by attaching to vascular walls (Plate 10a, 16a), in

a tangle involving processes of neurons and glial cells (Plate 12¢c,

13a, lh4 15, 16b-d) or simply diffusely within the neuropil without

an identifiable termination. No ependymal tanycyte processes cou}d
actually be traced from the ventricular surface to the pial surface

in this region although a distincf population of ganycytes identified

by Sharp (1972) as 'dorsal tahycytes'' (type 1) jn an equivalent region

of the quail ventricle were presumed to terminate there. Tanycyte pro-
cesses which extended from cells within“the lateral walls of the infundi-
bular recess assumed a ventrally directed curved course through the arcuate

neuropil and tuber cinereum (Plate 10a,, 12). These processes appear

3
similar to the fine non-varicose fibers of ''type || tanycytes' described
by Sharp (1972) in the quail. A number of these processes appeared to

converge upon the external glial membrane at the lateral surface of
the diencephalon while others were closely apposed to blood vessels at

the tubero-emential interface (Plate 10a 12b). Whether or not direct

3
contact is éstablished between tanycyte terminals and cells of the pars tub-
eraliscould not be determined in this study although such an arrangement has
been reported by Anand Kumar and Kﬁowles‘(l967) and;Knowles and Anand

Kumar (1969) in the Rhesus monkey. From the discontinuous looking

ependymal lining of the floor of the,[R, most tanycyte processes pro-

ject vertically through the ME. Mostt if not all, processes appear to

converge in bundles which subsequently split within the external zone

of the ME into the typical '"horsetail-like' terminal divisions (Plate
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At the transverse level of the tuberal hypothqlémus, morpho~
logical differences in the structure of the hypothalamic ependyma
were most evident (figure 1). The ependymal lining of the ventrolateral
walls and floor of the third ventricle possesse& an appearance which
differed markedly from the conventional ependymal lining of the dorsal
hypothalamic wall. Dorsally, the.ventricular wall was formed by a
single, uniformly organized layer of ciliated cuboidal cells with prom- °

inent’' round or oval nuclei which appeared centrally placed within the

cell body (Plate 10b, c; llc, d). In contrast, the ependymal lining

corresponding to approximately the ventral one-third of the wall was
I;rgely though not entirely non-cili;ted, compressed, and in regions
irregularly stratified (Plate 10a-a3; 1la, b). It was composed of
epegdymal cells containing irregularly-shaped nuclei. The cells were
unev;nly spaced and organized into tightly packed clumps or clusters
which gave the lining itself an overall irregular appearance (Plate
10; fla, bj). The most distin;}ive feature of ventrolateral walls at
this level is the prominence with which tanycytes are found. Basal
processes ext;%d from almost all ependymal cells in regions of the
ventricular wall which overlie the ventromedial and arcuate nuclei
(Plates 10a-a3, lla-bl; 12, 13a). They are distributed with appfoxi-
mately the same density throughout the rostrocaudal extent of the

entire tuberal region of the hypothalamus (figure.1). Tanycytes in

the rabbit, therefore, were not restricted to the anterior tuber ciner-

eunt as appears to be the case in the Rhesus monkey (Anand Kumar and

Knowles, 1967; Anand Kumar, 1968a; Knowlesland Anand Kumar, 1969).

“

Neither was a unifbrmly double layer of tanycytes separated by a dis-

tinct sﬁace, as described by these*authors in the monkey, seen in the




Plate 10 a-c Coronal sections taken through the tyberal region of the’

]’

2)

3)

rabbit hypothalamus. Selected-regions of the ventricle
wall represented in the phptographs are shown in'the
accompanying diagram. .CAHP method. PV, paraventricular ' '
‘nucleus; Fx, fornix; 0T, optic tract; HOM, dorsomedial
hypothalamic nucleus; HVM, ventromedial hypothalamic -~
nucleus; ARC, arcuate (infundibular) nucleus; IR,
infundibular recess; ME, median eminence.

A survey photomicrograph of the ependymal lining of the
ventrolateral walls and floor of the medial tuberal

region of the third ventricle. The greatest density of
tanycytes as may be seen by the large number of radially
directed processes are situated within the ependymal
lining bordering upon the ventral most part of the
ventricle, infundibular recess and median eminence.,
Adjacent walls of the ventricle have been apposed in this
photograph by removing a strip from the ventricle. X 132.
Representative segment of the ventrolateral wall of the
third ventricle as in figure a above. Numerous faintly
stained basal processes of ependymal tanycytes (arrowheads)
extend radially ending on blood vessels in close proximity
to the ependymal layer. Note that the morphology of the
ependymal lining is more irregqular than elsewhere in the
ventricular system, with ovoid, elongate and lobate nuclei
closely interdigitated. X 546.

Tanycytes of the ventral wall as in figure a above with~
basal processes extending.radially for variable distances
into the arcuate neuropil. MoSt processes cannot be
traced to an exact termination although a number appear to
encroach upon neurons and glia. Gomori-positive material
(arrowheads) is present within the cytoplagm of cells.
scattered diffusely throughout the neuropil. Note ‘the
irregular organization of ependyma in ‘clusters giving the
lining an almost discontinuous appearance. X 342,

‘e ™

Tanycyte processes within the mediobasal tuber’ cinereum.
Some processes (arrows) extend from the cell body at:the

ventricular surface to the pars tuberalis. In their
course through the neuropil they appear to run together in
bundles which split distally into 'horsetail-like'

terminal divisions. Other protesses (arrowhead) take a more
apbreviated course terminating in contact with blood vessels
. within the arcuate neuropil. X 340,

" .
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Plate 10 b,

A survey photomicrograph of a segment of the dorsolateral

walis of the third ventricle at the medial tuberal level.
Notice that tanycyte ependymal cells are not present at
this level of the.ventricle as evidenced by the obvious

absence of their radially directed basal processes. X 126.

Inset, shows the regular line of ependymal cell nuclei

- characteristic of cuboidal cells of the dorsolateral

wall. Note the hypendymal cells provided with expansional
attachments to blood vessels situated beneath the ependy-
mal lining of the dorsal wall. The flattened elongate
nuclei immediately subjacent to the- ependymgl lining are
likely those of microglial cells. X 326.

Paraventricular nucleus (PV) and adjoining ependymal
lining of the ventricle. As in the supraoptic nucleus
(Plate 8d), the densely organized neurons of the PV
nucleus contrast sharply with the surrounding neuropil by
virtue of their distinctive staining properties: X 132.

"Inset, shows a single layer of_regularly ordered cuboidal

ependymal cells characteristic of the dorsal ventricular

walls. Compare with figure lOa], az,-a3. X 351.







Plate 1] a-e,

.

Coronal sections taken through the tuberal region

of the rabbit hypothalamus. The shaded areas in the
diagram indicate the region of the ventricular wall
represented in the micrographs. Labels are as in
Plateé 10. CAHP method. R :

Neurons of the arcuate nucleus at the base of the
veptricle border directly upon the ependymal lining.
Tanycyte processes are seen extending into this nuclear
group.- X"150.. aj, as in fig. a but a few sections
diSpIaced showing a distinct but isolated accumulation
of subependymal cells reminiscent of the subependymal
cell plate in the lateral ventricles. X 135. :

A survey photomicrograph at the level of the HVM
nucleus. X 135. b), enlargement of an area corre-
sponding to level of the arrow in fig. b showing
numerous horizontally directed tanycyte processes.

X 170. by, enlargement of an area corregponding to
the level of the arrowheads in fig. b showing a pocket
of subependymal cell concentration., X-350. '
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Plate 1} ¢,

Tanycyte ependymal cells are lacking along the dorsal.
walls of the ventricle as evidenced by the absence

of radially directed basal processes. Arrowhead,
isollated concentration of subependymal cells. X 130.
c), enlargement 0f an area similar to that illustrated
in fig. ¢ (arrow). Note the regular line of cuboidal
cells and the hypendymal astrocytes. X 210.

Roof of the third ventricle showing the absence of
tanycytes and a well defined zone of subependymal cells.
X 125, dy, enlargement of an area equivalent to that
shown ih fig. d (arrow). X 210.

A regular lining of ciliated cuboidal ependymal is found -

at the thalamic level of the ventricle. X 190. ej, as
in fig. e showing Gomori-positive granules (arrowheads)
within hypendymal glial cell. X 350.







rabbit. Above the level of the infundibular recess, tanycyte pro- ‘h
ces;es generally extended horizontally, penetrating the hypothalamic
ne;ropil to varying depths (Plate 1lb, 12c, 13a) they wére most com-
monly found to end by attaching to vascular walls (Plate 10a, 16a), 1in
a tangle involving processes of neurons and glial ce}ls (Plate 12¢,
13a, 14y 15, 16b-d) or simply diffusely within the neuropil without

an identifiable termination. No ependymal tanycyte processes c0qld
actually be traced from the ventricular surface to the pial surface

in this region although a distincf population of ganycytes identified
by Sharp (1972) as ''dorsal tanycytes' (type |) jn an equivalent region

of the quail ventricle were presumed to terminate there. Tanycyte pro-

-
v

cesses which extended from cells within the lateral walls of the infundi-
bular recess assumed a ventrally directed curved course through the arcuate

neuropil and tuber cinereum (Plate 10a 12). These processes appear

37
similar to the fine non-varicose fibers of ''type Il tanycytes'' described
by Sharp (1972) in the quail. A numbe} of these processes appeared to
converge upon the external glial memBrane at the lateral‘surface of

the dféncephalon while others were closely apposed to blood vessels at

the tubero-emential interface (Plate 10a 12b). Whether or not direct

3
contact is established between tanycyte terminals and cells of the pars tub-
eraliscould not be determined in this study although such an arranéement has
been reported by Anand Kumar and Khowles‘(l967) ana;Knowles and Anand

Kumar (1969) in the Rhesus monkey. From the discontinuou§ looking

ependymal lining of the floor of the,{R, most tanycyte processes pro-

ject vertically through the ME. Mostt if not all, processes appear fq

converge in bundles which subsequently split within the external zone

of the ME into the typical "horsetail-like" terminal divisions (Plate




X L

¢

B i e Ty

R

e

Plate 12

v

Coronal section through the rabbit infundibular recess
(IR) at the caudal level of the arcuate nucleus (ARC)
showing tanycyte ependymal cells within the lateral

walls and floor of the IR. Their basal processes project
almost vertically through the median eminence. Golgi-
Cox. X 68.

A solitary tanycyte process (arrow) links the lateral

wall of the ventricle near the floor of the‘infundibular
recess (IR) with the pial surface of the brain. In its,
course through the tuber cinereum the process is undivided
except at its termination where it splits into several
short terminal branches. Golgi-Cox. "X 177.

In Golgi-Cox preparations hypothalamic nuclear groups
generally blend imperceptibly with each other. The

arcuate nucleus (ARC) as illustrated in this figure is an
exception. Its peculiar microglial-like cellular components
facilitate its identification. Note that tanycyte processes
extend horizontally into the VMN whereas inferiorly they
assume a ventrally directed curved course through the

_arcuate neuropil. Golgi-Cox. X 91.

At Higher magnification, the microgliial-like components
of the arcuate nucleus (arrows) may be seen insinuated
among the tanycyte processes. Their form consists of
elongated cell bodies with short tortuous processes
arising from either pole. X 180.

Ventral walls of the third ventricle adjacent to the
arcuate nucleus (as in fig. ¢) at higher magnification.
Note that the majority of delicate processes appear to be
undivided. They originate singly from their respective
somata and penetrate the nucleus to varying depths. Golgi-
Cox. X 178. ‘
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Plate 13 a, Tan?cyte ependymal cells at the level of transition from

e~ g,

7

9,

the ventromedial to dorsomedial hypothalamic nuclei.

Basal processes extend from tanycyte ependymal cells into
the ventromedial nuclei (Tower one third of photomicro-
graph) less frequently into the dorsomedial nuclei (upper
two thirds of photomicrograph) and not at all at more
dorsa}, levels of the ventricle wall (see figure 1). Golgi-
Cox. X 80. .

Type 1 (fig. c and d) and |1 (fig. b) ependymal cells from
the dorsal wall of the third ventricle at the level of the
tuberal region of the hypothalamus. Compare with Plate 6b,
¢, d; 7a, c; 9¢c. Golgi-Cox. b, X 651; ¢, X 760; d, X 715.

Photomicrographs of a few qf the many tanycyte forms dis-
tinguished within the ventral walls and floor of the third
ventricle.

‘A variety of tanycytes whose main process is comparatively

smooth and undivided except distally at its termination.
Note that the secondary branches end in terminal enlarge-
ments apposed to tangentially oriented processes of
indeterminate origin. X 830.

py
Tanycyte ependymal ¢tells at the arcuate-infundibular level
of the third ventricle with coarse stout basal processes.
Note their irregular knobby or spinous outlines. X 453.

A tanycyte ependymal cell at the level of the ventromedial
hypothalamic nucleus with one coarse stout radially
directed process from which emerges numerous spines and a
second tangentially directed process which is comparatively
thin ?nd smoothly contoured. X 257.

!
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10a3) described by several invgstigators (Lofgren, 1959, 1960, 1961;
Kobayashi et al., 1970; Sharp, 1972). The divergent terminal processes

~end at the bésal suéface of the palisade layer of the ME upon the por-
tal Qas$ulature.v Scott EE}EL; (1972a, b) estimate that in thishregion
tan;cyte férminals occupy/éearly half the total surface area of the
po?tal bed. kqbqyashi (1975) and Oota et al. (1974), however, reported
that the number of ependymal endings abutting djrectly on the capillary
walls of the ME was somewhaf more variabie and frequently sQecies de-
pendent. The tanycyte populatioﬁ of the rabbit ME wa; usually poorly
impregnated in Golgi-Cox preparations (Plate 12a, b). Awsimi]ér ob-

~servation made'}n the quail ME using the Gallyés method of staining
was interpret;d b; Sharp (1972) as a criterio;ifor distinguishing what
he considered to'be thé morphologically ”ﬁrotoplasmic“ variety of .
tanycytes (Type 4) of the ME from the more "fibrous' categories of
tanycytes (Types 1, 2 and 3) within the ventrqiateral and dorsolateral
walls. In the present study, th; basaf processes of a numger of tany-
cytes distinguished in the ME, divided at their termination into ;eve}al
short terminal branches similar to that illustrated in Plate 12b. In

. this respect they‘resemble tanycytes whose appearance is believed by
Bleier (1971, 1972) to be characteristic of the ME and which we think
to be equivalent to the terminal "horsetail-like'" configuration seen
in routtne histological preparations (Plate 10a3).

Although tanycytes along the ventrolateral wall and floor of the
rabbit third ventricle were similar enough to be recognized a; a dis-
t{nct population; }heir processes frequently ass;med a varjety ofﬁforms,
lengths, diameters and branthing patterns (Plates 12, l3e-g,'ld, 15).

Specific strﬁ;tural variations among tanycytes however could not be




‘Plate 14

e I S E A

Photomicrpgraphs of tanycyte ependymal cells encountered

- at various loci within the ventrolateral walls of the

third ventricle. The ependymal lining lies horizontally
along the-top edge of each photomicrograph. Golgi-Cox.

The elongated tanycyte soma measuring approximately 11 -
15 um borders on the ventricular lumen. The main process

is approximately 160 um long. It has a very irregular

knobby outline. Note the lateral branches which emerge
from the main process. X 526..

Two radially directed processes each approximately 130 -
150-um long appear to emerge from the one soma which is
of the order of 8 - 15 um. Both processes show vari-
cosities along their length and- appear unbranched as they

span the cell free periventricular zone. P, protaplasmic A. X 538.

, This photom?brpgrapﬂ»was taken at the level” of the
" arcuwate nucleus.: It shows multiple vertically oriented
f°processes emerglng from the basal pole of what appears to

be a single tanycyte soma. Notice also the horizontally
directed process. Compare with Plate 7d, e. X 500.

Tanycyte w{thin_the-ngndymé['Wiq¥hg bordering the ventro-
medial nucleus. Nofe that its thick process tapers
distally along its length. 800.

Tanycy'te within the epeﬁdymalvlining bordering the ventro-
medial nucleus. Note the presence of numerous short
clustered spines (arrowheads) distributed along .the length
of its process, as well as what appear to be collateral
branches (arrow). X 553. . .

-
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Plate 15

Py
’

Photomicrographs of tanycyte ependymal cells seen within

the lateral walls of the third ventricle at the level of

the IR. The ependymal lining lies horizontally along the
top edge of each photograph.

Collateral branches (arrowheads) spring perpendicularly
from the main process shortly after it emerges from the
soma. The main proces$, approximately 70 um in length,
is otherwise undivided except distally (arrows) as it
encroaches upon a cluster of microglial-like cells in
the arcuate nucleus. Golgi-Cox. X %32.

Collateral branches (arrowheads) emerge more distally
along the tanycyte_process which in this case is ‘mgproxi-
mately 185 um in total length. Note that the vertical
process on the left appears to emerge from a cell body
which lies beneath the ependymal lining (a displaced
tanycyte). Golgi-Cox. X 594.

Tanycyte process approximately 70 um lang with many
lateral,branches (arrowheads). Golgi-Cox. X 611.




Plate 16 a,

b & c,

e,

Tanycyte ependymal cell processes in contact with blood
vessels within the periventricular neuropil. Golgi-Cox.
X ko. .

I1lustrated is the relationship established by ependymal
tanycytes and neuroglia in the form of a complex tangle
of processes. The silhouetted glial images in these
photomicrographs are assumed to be fibrous astrocytes.
Contact between the two cells is established (fig. c,
arrowhead). Golgi-Cox. b, X 252; c, X 250.

Microglial~like component of the arcuate nucleus receiving
a single undivided tanycyte process. This process
measures approximately 150 uym in length. Golgi-Cox.

X 530.

Small pyramidal neuron (arrowhead) within the peri-
ventricular neuropil with dendrites that extend to the
ventricle where they course immediately beneath the
ependymal lining. Goligi-Cox. X 627.

A neuroglial cell assumed to be a fibrous astrocyte with
expansions in contact with the base of the ependymal
lining. Golgi-Cox. X 627. ,
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related regionally to ;ny particular hypothalamic location and in gen-

eral they were not dissimilar enough in their morphology to permit
separate classification. These findings are in substantial agreement
with Bbservations made by Bleier (1971, 1972) in rabbits, rats, mice
énd cats. They differ,dhowever, from observations made by Millhouse
(1971, 1975) in rats and mice. He recogn{zed that most tanycytes along
the third yentricle could be divided into three aiStiﬁct parts: (1) a
cell body next to the ventricle, (2) a neck portion which emerged from
the cell body, was confined to the periventricutar zone and- usually
contacted a vessel wall, and (3) a thin smooth tail portion distal to
the neck. Dorsal tanycytes and those in the ME, however, w;re found
by Millhouse to be sufficiently exceptional morphologically to be
distinguishable as separate populations. Dorsal tanycytes lacked neck
processes, consisting of only cell body and tail porgion, whereas
tanycytes in the ME fackeﬁ tail portions. It was not possible, in the
present study to recognize such subtle distinctions in tanycyte mor-
phology in the rabbit.

With few exceptions (Plate 1lay, b, by, c) a subependymal cell

P

layer, as well defined as that found within regions of the lateral
cerebral ventricles, was generally not observed within the thirJ ven-
tricle. Hypendymal cells, however, commonly occurred individually or
in groups at irregular intervals subjacent'to the ependyma (Plate 10b,
Ild, ej). They Wwere most conspicuous within the dorsolateral walls
and roof of the third ventricle throughout its rosfrocaudal extent,
and in this respect appeared to be related inversely to the pattern of
tanycyte distribution. Cammermeyer (1965), identified similar cells,

which were found a short distance beneath the ependyma in the gray
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matter of the rabbit third ventricle, as tanycytes. vTennyson and
Pappas (1968a) have even suggested that the ependymal tanycyte of the
*ﬁ rabbit may be a ''migratory'' cell, since the subependymal region con-
. tains cells with a Similar morphology.
It is well known that Gomori's chrome aium hematoxylin phloxine
and paraldehyde fuchsin methods selectively stain hypothalamic neuro-

secretory material classically associated with the magnocellular

hypothalamo-neurohypophysial system. With the first metho&, #e main
mass of both the supraoptic (Plate 8&) and paraventricular (Plate 10¢)
" nuclei contrast sharply with the surraunding neucgpil by virtue of the
distiﬁcgive staining properties of their neurosecretory cells. In
addition to these neurosecretory nuclei, CAHP-positive material was
also observed within neuronal énd glial cells scattered throughout the
tuber cinereum (Plate 10aj, a3) and subjacent to the ependyma within
the thalamic portion of the ventricle walls (Plate 11ey). A survey of ///“
the literature revealed that Gomori-positive granules have been demon-
strated in cells ideﬁtified as both neuroglial and microglial, situated
periventricularly witHin the hypothalamus of a variety of species
Cammermeyer, 1965; Polak and Azcoaga, 1963). In rodents, Smith (1951)
noted a small number of Gomori-positive neuroglial cells in the sub-
ependymal zone of the floor of the infundibulum. Kroon and Goossens
(1974) have localized thelr presence to gli&l cells of the arcuate
nucleus and adjoining tuberal region of the hyp ﬁglamus while Wislocki
and Leduc (1952, 1954) called attention to th;ir scattered occurrence
throughout the‘cenkral grey substance around the third ventricle and

0

cerebral aqueduct. Accumulations of such cells in some circumventricu-

lar organs (notabfy the SFO, AP and SCO) and surrounding regions have -
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also been reported (Wislocki and Leduc, 1954; Teichmann, 1967;

Koritsanszky, 1969).

The location of‘éomori-positive glial cells within the sub-
ependymal zone cf the third ventricle and in close association with
areas of neurosecretion within the hypothalamus is considered by
some to be evidence fhat glial cells may simply have phagocytosed
their complement of granules (Wislocki and Leduc, 1952, 1954; Ford
and Kantounis, 1957; Teichmann, 1967). This view, however, is not
shared by all investigators. For example, the belief has also been
expressed that these Gomori-positive glial cells may be related to the
neurosecretory s;stem, to the transfer of neurosecretory material or
that they may represent modifiez glial cells with the capacity to
secrete Gomori-positive material (Koritsdnszky, 1965; Polak and Ascoaga,
1969; Kroon and Goossens, 1974).

In the present investigation, Gomori-positive materiql’kas not
observed in typical mural ependymal cells or tanchte«ependymal cells
and their processes. This is in contrast to demonstrations of selec-
tive Gomori-positive staining of ependyma within circumventricular
organs (Wislo®i and Leduc, 1954; Vigh et al., 1962; Diederen, 1969;
Vigh, 1969; Vigh and Vigh-Teichmann, 1969) and within distinct but
lest circumscribed regions of the general ventricular lining (Vigh
et al., 1962; Vigh et al., 1963; Vigh, 1964). In the Rhesus monkey,
tanycytes situated in the antero- and latero-ventral walls of the
anterior hypothalamus were reported by Anand Kumar and Knowles (1967)
and Anand Kumar (1968b) to contain coarse granules which stained

selectively with the CAHP method. In the rat hypothalamus, Kroon and

Goossens (1974) observed granules stainable with CAHP within ependymal
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cells of the infundibular recess, though never in the processes of
tanycytes or anywhere in the rest of the ependymal lining. This
selective staining contrasts with the non-specific CAHP-positive re-
action of ependymal cells in all parts of the rodent lateral ventri-
cles which promptea Westergaard (1970) to conclude that‘lipofuscin
rather than a specific ependymal product was responsible for the |

staining. (

\

ii) Transmission Electron Microscopic Observations

A TEM study of the lateral walls énd floor of the third ven-
tricle of the\rabbit confirms, as predicted from LM observations, the
presence'éf ;t least two‘morphologically distinct types of ependymal

.
cell: 1) ciliated cuboidal ebendymal cells, and 2) non-ciliated epen-
dymal tanycytes.

The principal cell type of the third ventricle was the cuboidal
ependymal cell. Its morphology was, with minor exceptions, funda-
mentally similar to ultrastructural descriptions of common mural epen-
dyma at various loci within the cerebral_ventricles of a number of
other mammalian s;ecies (Tennyson énd'Pappas, 1962, 1968a; Brightman
and Palay, 1963; Klinkerfuss, 1964; Malinsky, 1968; Knowles and Anand
Kumar, 1969; Westergarrd, 1970; Anand Kumar, 1972; Knowles, 1972;
Millhouse, 1972, 1975; Sharp, 1972). One of the more conspicuous
features of the common mural cells was the ciliatgd nature of their
apical surfaces (Plate 17a, 18b, 19, 22a). Cilia were of indetermin-
ate length, approximately 0.26 um in diameter and were composed of the
usual distinctiv;.“9+2” QxJal filament complex. The basal bodies of

P
the cilia were a regular feature of the apical cytoplasm of the cells
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Plate 17 a,

Cuboidal ependymal cells (El, E2, E3) lining the dorso-
lateral wall of the rabbit third ventricle in the region
designated 5 in Plate 2. Large spharical or ovoid nuclei
are eccentrically placed and occupy a substantial portion
of the cell volume. The ventricular surface (V) is pro-
vided with many cilia and microvilli. The lateral surfaces
of adjacent cells may be relatively straight (arrows) or
elaborately interdigitated (arrowhead). Fibrous astro-
cytes (As) are found underlying the ependyma in a sub-
ependymal glial layer. AsP, astrocytic processes; f,
glial filaments. X 7,750.

A single layer of cuboidal ependymal cells (El, E2) from
a region of the dorsolateral wall of the rabbit "third
ventricle which we have arbitrarily designated 5 in Plate
2. Just below the ventricular border zonulae adhaerentes
(za) are present. The lateral cell membranes (arrow-
heads) in this section are gently convoluted. A prominent
Golgi complex (G) is present in a supranuclear position.
Note that the basal surface of the epehdymal cells is
indented by numerous cytoplasmic processes (arrowheads)
that exhibit the same cytological features as the soma
and therefore are assumed to originate from the base of
these cells. |ldentifiable within the subependymal zone
are pale processes of fibrous astrocytes containing
bundles of filaments and small neuronal processes (n).

N, neuron. X 11,550.







Plate 18 a, Ependymal cells (Ey, Ep, E3) lining the dorsolateral
wall of the rabbit third ventrigle in the region
designated 6 in Plate 2. Notice the extensive array
of closely interdigitated processes (Ep) at their basal
poles. mv, microvilli. X 7400.

b, Ependymal cell from the region of the ventricle designated
5 in Plate 2. Notice the presence of cilia (cil),micro-
villi and surface blebs at its apical pole. At its
basal pole it is intimately associated with a hypendymal
microglial cell (M) and a fibrous astrocyte (AsP). G,
Golgi apparatus; f, cytoplasmic filaments. X 11,400,
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Plate 19

Two adjacent ciliated cuboidal ependymal cells (El, E2)
from the dorsolateral wall of the rabbit third ventricle
(sample area 5, Plate 2), each displaying a large oval
nucleus. The lateral membranes (solid arrowheads) in this
section are relatively straight. Mitochondria are con-
spicuous apically in association with the zonula adhaerens
(clear arrowhead) and throughout the cytoplasm. Golgi
complexes (G) are prominent in the apical cytoplasm above
the nuclei. Elements of the endoplasmic reticulum,
lysosomes (Ly) and clusters of ribosomes are evident in
the cytoplasm. A fibrous astrocyte (As) is identifiable
at the capillary (Cap) level beneath the ependymal lining.
Surrounding the capillary is a terminal process of a
fibrous astrocyte (%) forming the perivascular glia
limitans. i, island of ependymal cytopiasm encompassed

by zonula adhaerens; AsP, astrocytic processes; Ep,
ependymal processes. X 13,330.
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(Plg%e 205. In addition to cilia, the apic¢al surfaces usually exhibited
*+ variable numbers of microvilli measuring approximately 0.02 - 0.08 um

in diameter (Plate 17a, 18a, 2la, 22a). Brightman and Palay (1963)

considefed such projections were too irregular in their dimensions to
be appropriatetly termed microvilli. The microvilli of the épendyma
in the rabbit were irregular filliform extensions of apical cytoplasm.

¢

which krequently broadened at their bases. They usually lacked a

well defined internal structure, although occasionally fine fllaments
were evident within the inner core of some microvilli. Other modi fi-
catiors of the free ependymal surface included irregutar bulbous pro-
trusions of the apical cytoplasm which extend into the ventricle

(Plate 18b). Their appearance suggests that they are a cytologically

unspecialized variety of cellular extension.

.

e The cuboidal ependymal cells contained a large regularly spher-
i - .

ical or oval vesicular nucleus which was often placed eccentrically

) 4 and which occupied much of the cell volume. The karyoplésm was coarsely
g;anular and a single prominenf nucleolus was occasionally present in
the plane of section. The nuclear membrane was distinct with condensed
ehromatin masses Iyiné ag@inst its inner margin. The cytoplasm sur-
rounding the nucleus had a granular appearance of moderate electron
density. Within the cytoplasmic matrix, the normal complement of

'organelles could be distihguished. The mitochondria were numerou$ and
comparatively small measuring approximately 0.2 um in diaj7tbr. They
frequently appeared as spherical, oval ér elongated rod-shaped profiles
in sections and were concentrated in ghe apical cytoplasm of the cell
and perinuclear region. The Golgi appgratus was élso general ly supra-

[

nuclear in position and often displace& toward the lateral cell membrane
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Plate 20

¥

Ciliated cuboidal ependymal cell from the dorsolateral
wall of the third ventricle. 1Its reniform nucleus
(Nuc) is eccentrically placed in the cell. The cyto-
plasm contains ribosomes (r), basal bodies (bb) and
numerous mitochondria. A few microtubules as well as
scattered segments of granular reticulum can also be
seen. Two gap junctions (arrowheads) are found along
the lateral membrane at some distance from the apical

‘'surface. Note also the neuronal profiles (n) inserted

among the ependymal processes., mvb, multivesicular body
( 0.3 pu diam.). X-30,700.
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(PTate 17b, 18b, 19, 20, 21a). It consisted of the usual laminar

.
stacks of flattened cisternae with associated clusters of vesicles.
irregular vesicular-and short cisternal profiles of the smooth endo-
plasmic reticulum were abundant and dispersed, apparently randomly,

throughout the cytoplasm, whereas cisternae of granular endoplasmic

3
.

reticulum were sparse. Free ribosomes, however, were widely dispersed
throughout the cytoplasm in small clusters or rosettes. Randomly dis-
persed cytoplasmic filaments and a small number of microtubules were
commonly observed, but the dense perinuclear aggregates of filaments
found in .the rat (Brightman an;’Palay, 1963; Millhouse, 1972) were
not observed in this stud;. This is in agreement with Klinkerfuss'
(1964) observations of ependyma in the lateral ventricle of the cat.
Membrane bound multivesicular bodies and lysosomes were also a feature
of the cytoplasm of the ependymal cell. 1In general, the common mural
ependymal cell is rather unremarkable in terms of its complement of
organelles and inclusions.

The lateral cell membranes of adjacent cuboidal ependymal cells .
are comparatively sfmplf and usually without elaborate folds or ex-

tensive interdigitations (Plate‘l7a, 19, 20, 2la). Occasionally,

however , the lateral.borders were rather tortuous and interdigitations

were seen between adjacent lateral meébranes in the apical region of

some cells (Plate 17). Detailed reports of the complex inter?ollular
junctions between coritiguous ependymal cells have been provided by
Brightman and Palay (19§3), Brightman and Reese (1969; 1975) and Brightman
et al. (1975). Our observations in the rabbit are largely in agreement

with these findings. Zonula (or puncta) adherens, gap junctions and/or

zonula occludens were usually seen apically as well as at irreqular inter-

vals along the lateral *interface (Plate 17b, 19, 20, 21, 22a). It was
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Plate 21

a, Supranuclear cytoplasm of typical mural ependymal cells
illustrating the abundance of juxtaventricular organelles.
The apical membranes adjoining the ventricle are organized
into numerous microvillus-like projections (mv) and cilia.
.The lateral surface of contiguous cells are joined by
intermediate (za) and occluding (arrowhead) junctions. G,
Golgi complex; mit, mitochondria; Nuc, ependymal nuclei;
ER, granular endoplasmic reticulum; arrows, microtubules;
solid arrowheads, filaments. X 31,100.

b, Adjoining ciliated cuboidal ependymal cells from the
rabbit third ventricle illustrating the cytoplasmic com-
plement of organelles. The séction was taken from the
sample region designated 6 in Plate 2. The large granular
nuclei (Nuc) - are surrounded by cytoplasm containing numer-
ous mitochondria (mit), dispersed clusters of ribosomes
(r) and_a-few lysosomes (Ly). The granular endoplasmic
retich::’(ER) is sparse, however vesicular and cisternal
elements of the agranular reticulum are widely dispersed
in the cytoplasm. In addition, the cytopiasm contains a
tracery of randomly dispersed fine filaments accompanied
by occasional microtubules (arrows). The lateral walls of
the neighbouring cells ar® joined by zonulae adhaerentes
(za) and gap junctions (arrowsheads). i. islands of ependymal
cytoplasm within the cells. X 29,550.

\//
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often not possible hdwever to distinguish between occluding and gap
juqctions with certainty.

The ependymal lining of the dorsolateral wall of the third ven-
tricle was separated from the underlying neurobil by a narrow zone of

“"internal glial layer" or '"inner limiting

glia often referred to as the
glial membrane''. As is clearly shown in Plates 17, 19 and 22, astro-
cytes and their processes were among the principal contributors to the
formation of the subependymal cell and fiber layers respectively. Addi-
tional contributors to the subependymal fiber layer were the ependymal
cells themselves (i.e., type |l cells) whose basal surfaces were drawn
out into numerous cytoplasmic processes (Plate 17, 19, 22). Rather

than pénetratingwradially into the neuropil these basal cytoplasmic
processes appeared to extend tangential ;3~the surface of the ventricle.
Consequently in coronal sections, they invariably appeared as irregular
oblique or cross-sectional profiles that were closely interdigitated

in a jig-saw like fashion (Plate 17, 18, 19, 22). They exhibited the
same cytological features as the ependymal soma which, depending upon
the size of the profile, included one or more of the following: a
granular cytoplasm of moderate electron density, clusters of free ribo-

somes, mitochondria, fragments of granular and agranular reticulum

. and cytoplasmic filaments. These basal ependymal processes were ob-

served to be closely interwoven with oval, circular and sheet-like pro-
files of astroglial cytoplasm. Astrocytic processes had a lucent
cytoplasmic matrix that was less electron dense than that of ependymal
processes. Many astrocytic processes were filled with filaments; while
non-filamentous areas frequently appeared empty: In addition, a number
of the larger processes often contained mitochondria. Insinuated

among the myriad of ependymal and astrocytic processes of the hypendymal

116,
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Plate 22 a, A single layer of ependymal cells from the rabbit third

ventricle. The section is taken from sample area 4
shown in Plate 2. The low cuboidal cell occupying the
center of the field has an elongated vesicular nucleus
with indentations. Cilia and thin microvilli (MV)
project into the lumen of the ventricle. Apically a
number of zonulae adhaerentes (arrowheads) are situated
between cells. Notice that the thin cytoplasmic process
(solid arrowheads) running horizontally immediately
beneath the surface ependymal cell clearly originates
from the base of the cell. C(ompare with the cells shown
in Plates 6¢c, 7c and 9¢c. Arrows, complex interdigitation

of basal cytoplasmic processes of adjacent ependymal cells.

X 12,700.

Basal poles of neighbouring ciliated cuboidal ependymal
cells (El, E2). The section is taken from a region of
the dorsolateral wall of the rabbit third ventricle that
is designated 6 in Plate 2. A number of cytoplasmic
processes (Ep) assumed to be of ependymal origin are
interposed between the ependymal lining and the subjacent
neuropil. Electron-lucent laminae of astrocytic cyto-
plasm (AsP) are interwoven with the ependymal processes.
Note that no basement membrane exists between the
ependymal lining and the underlying neuropil. X 31,250,

’
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glial zone were usually a number of typical axonal and dendritic pro-

files assumed to be extensions of the subjacent neuropil. The transi-
tion from subependymal glial membrane tolneuropil was often ereéu!ar
and indistinct; it was characterized, however, by a gradual increase

: ¥
in the number of visible neuronal profiles and a corresponding decrease

in the number of glial Eréfiles.

As stated previously neither the ependyma nor the subepéndyma
were morphologic;le'homogeneous throughout the ventricular system.
Nowhere, however, were struct;ral changes more obvious than along the
ventrolateral wall and floor of the third ventricle where typical epen-
dymal elements were completely displaced by tanycyte ependymal cells
(Plate 23, 24). Tanycytes at this level of the rabbit ventricle
e;hibi;ed convex apical surfaces which appeared to lie partially free
in the‘bentricle. They are provided with very few cilia; rather their
apical surfaces were furnished with microvilli and large numbers of .
irregular bulbous extensions of apical‘cytoplasm which projected into
the lumen of the ventricle (Plates 23, 24 and 25). These cytoplasmic
blebs did not show any unusual ultrastructural specialization; they .
consfsteq of fragments of tanycyte cytoplasm which contained riSosomes
and small vesicular profiles. With the exception of mitochondria
which were occasionally encountered in the broader processes, other
organelles were usually excluded from the bleb Lytoplasm. Their or-
ganization éuggests that they represent an inconsta&t, and transient
variety of cell extension. The apical blebs on the luminal-tanycyte

surface have been considered by some investigators as a morphological
| 4

expression of an apocrine release of some unknown secretory product

(Scott et al., 1972a; Kozlowski et al., 1973; Me;tres t al., 1974).

-
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Plate 23

A reconstruction of a portion of the ventrolateral wall of
the rabbit third ventricle (equivalent to the region desig-
nated 2 in Plate 2). The montage provides a survey of the
relationship of tanycyte ependymal cells (EpT) to a broad
region of the underlying neuropil. Notice the irregular
shape of the tanycyte somata. Their free surface exhibits
numerous cytoplasmic projections (arrowheads). Note also
the basal processes of tanycytes (Tp) directed toward the
subjacent capillary (Cap). Immediately subjacent to the
tanycyte somata and wedged between basal processes is cross-
sectional profiles of neuronal and glial elements of the
neuropil. N, neuronal perikarya; P, pericytes. X 2,750.






Piate 24 The field shown in this montage of photomicrographs is
as illustrated in Plate 23 but displaced serially. Tany- e
> cyte ependymal cells (EpT) and some of their basal prolonga-
tions (Tp) at a level of the hypothalamus designated 2 in
Plate 2 are shown at higher magnification in this figure.
Note the convex apical surfaces of tanycyte somata (arrow-
heads) which appear as a series of well defined bulges into
v the ventricle and the bulbous projections (arrows) of the
ventricular surface membrane. Tanycyte nuclei are clustered
closely together, are elongated and often deeply indented.
Note also the spatial relationship between tanycyte terminal
processes {(Tp), perivageular space (arrows) and a capillary
(Cap). Within the feltwork of intermingled neuronal pro-
cesses of the subjacent neuropil, are a few myelinated
axons and several axonal profiles containing electron dense
granules. N, neuronal perikarya; P, pericytes. X 4,650.
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Plate 25 a, Apical surface of tanycyte epéﬂ%ymal cells (EpT)
along the ventrolatéral ‘wall of the rabbit third
ventricle (taken from the region designated 2 in
Plate 2). Notice the irregular cytoplasmic pro-
jections of the order of 0.5-1.0 pm. A neuron’ (N)
is inserted next to the tanycyte without evidence of
intervening glial sheath. ER, granular reticulum;

G, Golgi apparatus; Ly, lysomes; arrows, lucent
vesicles; arrowheads, zonulae adhaerentes. X 12,200.

b, As in fig. a above showing organelles contained within
the rimaof cytoplasm between adjoining tanycyte
ependymal cells, /X 19,600,
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In comparison with the ciliated-cuboidal ependymal cells, tany-

cytes are more irregular in shape (Plate 23, 24, 30, 31, 39). Their

-+

irregular nuclei contrasted markedly with the regular ovoid or spher- |\
. L

ical nuclei of'fhe cuboidal cells. Tanycyte‘nuclei were generally
el;ngatéd along an axis perpendicular to the ventricle and often
deeply indented‘(?late 23, 24, 30, 31). Frequently they appeared to
be clustered closely together, because of only a narrow rim of cyto-
plasm albng their lateral margins. 6
The cytoplasm of tanycytes tended.to be'more'giectron dense
than that of cuboidal ependymal:cells. Millhouse (1972) 4&ttributed

this density to the presence of a cond;ngzgiilqcculent material that
could Barely be re;olved, whereas. this same material in common ependy-
mal cells ;as more dispersed._ #ontained within the cytoplasm were

the normal array of organelles which resempled those of the cfiliated
cuboidal cells. Dispersed within the cytoplasm were clusters of ribo-
somes and only a few isolated profiles of a poorl;vdéveloped granular
endoplasmic reticulum. Vesicle§ and éigternae of the smooth endo-
plasmic reticulum were'ab;ndént and widely scattered throughoutffﬁ:
cytoplasm. Mitochondria were numerous particularly in the apical and
basal cytoplasm andethroughout tanycyte processes. Thé éolgi complex
was prominent and situated either supra- or idfranuclearly. Lysosomes
were;a common feature of tanycyte somata as were.small numbers of
randomly_di;;;rsed cytoplasmic filaments. Microtubules, however, were
numerous and found throughout the cytoplasmic matrix.

-

In reviewing the -literature we have noted some inconsistency

%

among investigations concerning the cytologicdl features which serve

to distinguish tanycytes from the banal variety of ependymal cell.
. ‘
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Millhouse (1972, 1975) cited nuclear shape, matrix density, the absence
of band; of cytoplasmic filaments and the\abundance of microtﬁbules as
the principal criteria for distinguishing tanycytes in the rat. On the
other hand, Tennyson and Pappas (1962) fqund the ultrastructure of
rabbit ependymal cells to be so similar that differentiation of cell
types in the ependyma could only be d;termined by the morphology of |
their basal portions. |

Doubtless the most recognizable feature distinguishing. the tany-
cyte from the common ependymal population of cells is its basal pro-
longation. The tanycyte process emerged from the basal pole of the
celf, projectedlinto the subjaceht neutbpil sometimes for considerable

distances. It was frequently dirgcted toward capillaries (Plaie 23,

24, 40). These prdcesses exhibited a numbér of identifying cytological

. features: 1) an electron dense cytoplasmic matrix equal to that of

the soma, 2) a complement of numerous paraxially oriented mitochondria,

“and 3) numerous longitudinally oriented microtubules. Dilated cisternae

of the endoplasmic regiculum vesicles and clusters of ribosomes were
also present; the; were particularlywconspicdous at the origin of the
processes from the~base of the cell (Plate 26, 27). |

In the postnatal ribbit Tennyson and Pappas (1962) reported that
the nﬁmber‘bf organelles diminished distally in tanycyte process of the ~
cerebral aqueduct. In ;he rabbit, the basal processes of tanycytes did
not‘répegteﬂly branch to form a syncytium as described by Knowles and
Anand Kumar (1569) in the monkey. . The tanycyte process in igs course
through the neuropil had an irregular or knobby outline (Plate 27a, 28b)

and appearéd to be largely unbranched exgept at its termination where

it often divided into several slender branches (Plate 29, 40). Distally




Plate 26 a, Tanycyte ependymal cells located along the ventro-
lateral wall of the ventricle in the region designated
1 in Plate 2. Notice that the organelles of the basal
cytoplasm continue into the proximal process. mit,
mitochondria; nuc, tanycyte nuclei; G, Golgi apparatus;
r, ribosomes; ER, granular reticulum; arrowhead,
agranular reticulum; n, profiles of subjacent neuronal
processes. X 18,700.

b, As in fig. a above showing the somata of tanycyte
ependymal cells. Labels are as in fig. a. arrowhead,
. gap junction between contiguous cells. X 30,900.

I}




Plate 27 a, Basal surface of ependymal tanycytes (EpT) from a region
of the ventrolateral wall of the third ventricle desig-
nated | in Plate 2. A process (Tp) arises from the
basal pole of the cell and extends into the subependymal
region where other tanycyte processes (Tp) are seen.
Mitochondria (Mit) are numerous in the basal cytoplasm
and extend into the proximal process. The Golgi complexes
(G) are situated infranuclearly. The tanycyte process has
an irreqular outline (arrowheads) and its surface is
surrounded by cross-sections of neuronal processes.

X 14,550,

b, Proximal portion of a tanycyte ependymal cell process in
the subependymal region of the ventricle wall designated
1 in Plate 2. The basal process measures approximately
0.6 - 0.9 um in diameter and borders partially on neighbour- .
ing tanycyte processes. Mitochondria (Mit) and micro-
tubules (arrows) are longitudinally aligned in the process.
Smooth endoplasmic reticulum is represented by a number
of short tubules and vesicular profiles (arrowheads).

X 34,615,
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Plate 28

a,

Isolated profiles of preterminal tanycyte processes (Tp)
in longitudinal section illustrating their relationship
to neuronal elements of the arcuate neuropil. Tanycyte
processes measure approximately 1-1.2 pm in diameter and
frequently adjoin one another. Notice the sheets of
astrocytic cytoplasm (arrows) enveloping their external
surface. D, dendrites; N, arcuate neuron. X 11,700.

As in fig. a above (but several sections removed), tanycyte
processes (Tp) in longitudinal secltion (1-1.6 um diameter).
Note their electron dense cytoplasmic matrix. Their com-
plement of mitochondria and microtubules parallel the axis
of the processes. Tanycyte processes exhibit irregular
knobby outlines (arrowheads) and are ensheathed by thin
sheets of astrocytic cytoplasm (arrows). D, dendrites;

N, arcute neuron. X 12,500.



tanycyte processes frequently converge but never anastomose with one
another (Plate 23, 24). A number of pericapillary tanycyte terminals
abutting directly on the basement membrane of a capillary perivas-

: N
cular space is shown in Plate 29. The relationship of tanycyte ter-
minals to blood vessels is very much like the terminal expansions or
end-feet-formed at the surface of capillarie; by perivascular astro-
cytes elsewhere in the neuropil. The functional significance of this
anatomical relationship as far as tanycytes are concerned is still
unknown .

The similarity of astrocytes and ependymal cells have been
noted by a few investigators (Hild, Takenaka and Walker, 1965; Hirano
and Zimmerman, 1967; Peters, Palay and Webster, 1976). Sarnat et al.
(1975) presumed an inverse relationship to exist between the relative
development of ependymal cells, glial cells and the blood supply.
While ependymal cells predominate as the principal glial form in non-
mammalian vertebrates, with increased vascularity as oceurs in higher
mammals, astrocytes become the predominant glial form. Leonhardt
(1966) considered the tanycyte as an intermediate form between the
ependymal cell and the astrocyte.

Isolated terminal processes of tanycytes are often times diffi-
cult to differentia;e from other processes in the neuropil despite
descriptions of their cytological features and their relationship
with other tissue components. Brawer (1972) for example, reported
that in the rat mitoqhondria of tanycyteg were less than one-half the
size of tho;e of glial and neuronal mitochondria and suggested that

this was @ reliable means of identifying isolated tanycyte profiles.

We have found this to be an unreliable diagnostic criterion for the

134
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Plate 29

a,

Micrograph showing spatial relationship of several
terminal tanycyte processes (Tp) to the basal lamina

of a capillary (Cap) perivascular space in the hypo-
thalamic neuropil. Compare with Plate 40. The tanycyte
pericapillary processes contain vesicles, tubules of ER,
circular and elongated mitochondrial profiles and
accumulations of microtubules. N, neuronal soma.

X 12,000.

Portion of the capillary wall enveloped largely by
tanycyte processes (Tp) as outlined in fig. a above.
Notice their relationship to the comparatively pallid
profiles of neuroglial components of the pericapillary
sheath (AsP). Processes of glial cells are crowded with
glial filaments that appear in transverse section as dots
of uniform size evenly distributed throughout the cross-
section. Arrows, basal lamina of the perivascular space.
X 15,000.
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Plate 30 a,

Tanycyte ependymal cells along the ventrolateral wall of
the rabbit third ventricle in the region designated 2 in
Plate 2. A tanycyte process (arrow) can be seen which
establishes intimate contact with a neuron {(N) and
possibly one of its dendrites (D) in its course through
the arcuate neuropil. M, microglial cell; P, pericyte.
X 4800. ' ’

This micrograph (taken from the region designated 2 in
Plate 2) illustrates the close relationship frequently
seen between tanycytes and neurons of the arcuate neuropil.
X 12,200,
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Plate 3!

a,

—

Ependymal cells lining the ventrolateral wall of the
third ventricle in the region designated 2 in Plate 2.
Note that a subgpendymal glial layer is lacking and that
the tanycytes rest directly upon the subjacent neuropil.
N, arcuate neuron; M, microglial cells. X 4700.

Enlargement of part of the field shown in fig. a. The
basal ‘ependymal surface is here moulded to accommodate
three large clusters of axonal and dendritic (D) pro-
cesses. M, microglial cells. X 7600,

The field shown in these two micrographs is as illustrated
in Plate 30a but several sections removed. )
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identification of tanycyte processes in the rabbit neuropil.

N

. In contrast to the dorsolatei'a‘l wall of the ventricle the epen-
dymal lining of the ventrolateral ia’llvand floor rests dil;ect_ly upon
the. neuro;;il (Plates 23, 24, 30, 31). A subependymal "intemal glial
layer' was lackigg)-an observation that has been made by a number of }
other investigators (Christ, 1951; Polak and Azcoagg, 1569). The
basal membrane of ependymal tanycytes can be seen to accommodate thé
neuronal elements of the subjacgnt neuropil. Frequently, clushtered
circular profiles of unmyelinated axons, dendrites and even neuronal
perikarya were found adjoining the basal epen‘dymal surface or were \
insinuated between the basolateral surfaces of adjacent tanycyte somata
(Plate 25a, 30, 31). Little insight in ierms of the possible functional
significance of this relationship can be pr;vided.

: )’
4.2 Comparative Morphology of the Ependymal Lining of the Mammalian

,Third Ventricle: A Scanning Electron Microscopic Investigation

A diagrammatic representation of the; rabbit diencephalon showing
the entire third ventricle in mid-sagittal section precisely as viewed
with the SEM is provided in figure 2 The third ventricle can be con-
veniently divided into three regions on the basis of observed varia®ion
in the morphology of the ependymal surface. These divisions\and their
position relative to the ‘underlying .hypothalamic nuclei are illustrated
schematically -in a coronal plane through the mid-tuberal level of the
hypothalamus in the same figure. Al thoﬁgh modeled on data obtained in
the rabblt,' the other man;ualia) species examined in this study were

sufficiently similar so that the diagram is applicable to them as well.

In the rabbit (Piate 32), as in the mouse (Plate 35a), rat (Plate 32c)

,
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Plate 32 a, Scanning electron miérograph of a representative
portion of the dorsal two-thirds of the ependymal
A surface of the rabbit third ventricle. A profusion
3 of cilia extend into the lumen of the ventricle; only
a few non-ciliated patches (arrow) are observed.
X 2700. N i
, b, Representative sample of the ependymal surface taken
g from the rabbit cerebral aqueduct.  Cilia project
‘ ~ from the surface of ependymal cells in clusters

E which appear orientated in parallel longitudinal

¥ rows, quite.unlike their non-specific orientation

; in the third ventricle. This may bear some relation-

g ship Yo the axial orientation exhibited by.the ependymal

% cells themselves in the cerebral aqueduct and inter-

g ventricular foramen.: X 1100. 3 . g

+
3
H
:
3

¢, The ltuminal surface of the dorsal two-thirds of the
rat third ventricle is similar to that of the rabbit
(fig. a, above). Note the prggence of a feltwork
of microvilli between the ci {arrows). X 5500.

(Camphene sublimation method)
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. rounded or polygonal in shape although

146

and rat kangaroo the major expanse of the wal) of'the third ventricle
was lined by ependymal cells densely covered with long cilia which
extended into the lumen of the ventricle without specifi® orientation.
Small patches of non-ciliated ependymal surface were only infrequenfly
encountered. This type of surface topograpéy was found throughout
the rostrocaudal extent of the dorsal two-thirds of the wall (figure 2)
continuing uninterrupted into the interventricular foramen and the
cerebral aqueduct (Plate 32b). 1In general, it was not possible to
determine any significant variation in either the numer or distribu-
tion of cilia, or in the morphology of the apical ependymal membrane
itself because individual cell outlines were invariably obscured by
the cilia. Interspersed among the cilia and ordinarily hidden from
view by them was a feltwork of microvilli (Plate 32a, c; 35a) which
was more easily distingq?shed'ventrally as the ependymal surface
gradually became less ciliated (Plate 3ka, 35b). In certain regions
of the ventricular system, notably the cerebral aqueduQE and the s,
interventricular foramen, cilia occasionally appeared oriented in
parallel longitudinal rows as if they were fixed in synchronous wave-
like patterns of activity (Plate 32b). This may bear some relationship
0 the distinctive axial orientation.of the ependymal cells themselves
in these two regions (Bruni et al., 1973).

A gradual transition in the morpholégy of the ependymal surface
occurred consistently alaong the ventral one-tq‘rd of the rabbit ven-
tricular wall, at the location of the underlying ventromedial nucleu§
(figure 2). Here cilia were invariably less frequent; non-ciliated
epend;;al cells predominated (Plate 33).. The non-ciliated cells appeared

4

eir outlines often were




Plate 33

Ventral dne-third of the rabbit ventricular wall. A
transition in the morphology of the ependymal surface
can be seen. Ciliated ependymal cells occur less
frequently. Non-ciliated cells predominate. They are
rounded or polygonal in shape and their apices bulge
only slightly into the ventricular lumen, forming a
rather flattened and smoothly contoured sugface.

X 3520. Inset, a portion of the surface of the rabbit
transitional zone viewed under higher magnification.
Note the presence of knob- or bleb-like protrusions

of the ependymal plasma membrane. X 12,000,

(Camphene sublimation method)
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indistinct. Although the apical surface of a number of the non-ciliated .
ependymal cells bulged into the lumen of the ventricle, nevertheless
the surface of the entire transi;ional zone retained an overa¥4~smeé£hl¥¥4-'
contoured appearance. A limited covering of microvilli and numerous
stout knob- or bleb-like protrusions wére commonly seen to }nlerrupt
the apicql membrane of the non-ciliated cells. This transition in the
morphology of the ependymal surface was seen consistently in the third
ventricle of the rat kangaroo, rat (Plate 3ka) and of.the mouse (Plate
34b, 35b) as well. Unique to the transitional zone of the mouse and
rat, however, was the abundance of readily discernible microvill%
covering the surfa*of the non-ciliated cells (Plate 34a, 35b).
Immediately ventral to the transitional zone, the ventrolateral
wall and floor (infun&ibular and mammi | lary rece;ses) of the third
ventricle of the rabbit, is almost devoid of ciliated ependymal cells.
'Only infrequent clusters of cilia project from the surface of'isolated
cells (Plate 36a). It was not uncommon to find clusters of 25 or more
cilia originating from the apical surface of a single cell (Plate 36b):
The-cilia were not uniform in diameter along their length but were
no{iceably'thinner distally, and terminated in a bulbous enlargement
(ﬁlate 36b). In addition, their surface was rough and irregular with
. .
almost a segmented appearance (Plate 36b, inset). Often only a single
‘cilium projected fr;a\the surface of isolated cells into the lumen of
the ventricle (Plate 37a). The topography of the ventrolateral wall
and floor is transformed from the flafteqed and smoot;Uy-contoured
appearance of the transitional zone to a more ifregularly contoured
surface of variable complexity (Plate 37, 38). The irregular®contour

1
of the region is attributable to the fact that most of the non-ciliated



Plate 34 a, Scanning micrograph of the transitional zone in the
rat third ventricle. The luminal ependymal surface
of non-ciliated cells is characterized by numerous
microvilli. Smooth patches denuded of such surface
specializations are seen infrequently. X 6500.

Low magnification micrograph of the ventrolateral wall
of the mouse third ventricle illustrating the transition
that occurs from a densely ciliated surface to a largely
non-ciliated surface in this region of the ventricile.
The free supraependymally-lying cells (arrows) are
presumed to be macrophages. X 1440.
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ciliated ependymal cells abound within most of the third ventricle, the

interventricular foramen and the cerebral aqueduct not unlike that

~
-

which we have repo}ted in the other species exaﬁined (Plate 4la).
From our preliminary observations on selected regions of the lateral
cerebral ventricles, it seems very likely that this organization per-
sists throughqut the entire ventricular system in the human. This is
in contrast to erroneous descriptions which may still be found in
recent textbooks. Intervening non-ciliated patches which periodically
interrupt the ciliated surface exhibit a feltwork of microvilli. The .
human third J:ntricle exhibited essentially the same regional varia-
tions in surface morphology as did the other species we have'studied
but they are not as sharply defined. A gradual and almost inpercep-
tible transition to a sparsely’ciliated surface occurs along the

. 5
middle one-third of the ventricle wall (Plate 41b). This observation
Has recently been confirmed by Gito (1975) in his study of the human
ventricular system. Comparéd with either the rabbit, rat or moﬁse,
this means that non-ciliated ependymal surface occupies a larger ex-
panse of the lateral wall in the human. Human fetal preparations of
13 weeks, however, exhibit sharply defined and abrupt transitions in
the oréanization of the ventricular wall comparable to that of other

-

mammalian species (Scott et al., 1972b,. 1973, 1974b). We can only
speculate on the possible reason for such differences. Worthington
ahd Cathcart (1963) have suggested that more cilia may be present in
fr?sh preparations of human adult brain than are encountered after
routine fixation. In addition to post-mortem autolytic changes, age

related changes, disease\processes and possibly -cyclic renewal and

degeneration are a few to be considered. Cilia diminish progressively
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Plate 36 a, Ventral to the transitiosal zone in the region over-
lying the arcuate nucleus in the rabbit, the ependyma
\3 is largely devoid of cilia except for the infrequent
cluster which projects from the surface of isolated ’
cells, X 2680.

b, About‘is cilia‘extéﬁd in a cluster from the surface of
a single ependymal cell.. The ;iameter of the ciliary 3
shaft tapers toward the tip, terminating in a bulbous
enlargement (arrows). -X 7200. Inset, reveals that the
ciliary surface is irregular (arrowheads) and aimost
segmental in appearance. X 14,600. Enlargement of a
portion of the field shown in fig. a above.




cells now bulge conspicuously into the lumen of the ventricle, their
lateral borders demarcated by deep furrows (Plate 37c, 38b,'39). It
was not uncommon to find that individual ependymal cells differed in
the morphological appearance of their apical surface which suggests a
certain plasticity in the cells under normal conditions. Numerous -
irregular blebs or knob-like protrusions (ranging from 0.1 - 1.0 um
diam) extended from the surface of most cells (Plate 37a, b; 38a, b).
They représented the most c0mm6n form of surface ;pecialization en-
countered. Microvilli, although present, were generally not uniformly
distributed or found in very'large numbers in the rabbit. Some iso-
lated cell: projected only a feltwork of microvilli from their luminal
surface (Plate 38b) but it was more common to find cells that exhibited
a combination of surface specializations. The surface of mény non-
ciliated cells/was frequently denuded in whole or in part of ;hy form
of specializations thus appearing comparétivgly smooth and'structurg-
less (Plate 37c, 38a). The equivalent region of the ventricle in both
the mouse and the rat was similar except that micrdvill} were usually
more prevalent in both of these species.

It was not possible to identify tanycyte ependymal cells or
to distinguish them with any certainty from the ordina}y mu%al var?ants

4, : \ .

on the basis of their surface morphology alone. It was possible, how-
ever, to identify tanycytes by examining the exposed fracture-face
of cleavage planes through the ventrolateral wall of the Ventriclé
(Plate 39, 40).

Very little information is available regarding the morphology of
the ventricular epen&yma’inwthe human, particularly frém an SEM ﬁer-

/_I . [

spective. in the cerebral ventricles of the human adult densely
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Plate 37

a,

Along the lateral walls of the rabbit infundibular
recess only occasional solitary cilia rather than
ciliary bundles are encountered. The characteristic
feature of this region is the rather expansive non-:
ciliated surface. EI’ E2, E3, individual ependymal
cells. X 5300. v

High magnification micrograph of the ventricular surface
as shown in fig. a above. Pleomorphic blebs or knob-
like protrusions are the most common form of surface
specialization encountered. X 12,680,

Paired stereomicrographs representing a region along
the ventrolateral wall near the floor of the rabbit
third ventricle. The flattened and smoothly contoured
surface of the transitional zone is gradually trans-
formed to a more irreqular surface of variable com-
plexity. X 1880.

(Camphene sublimation method)
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Plate 38

a, High magnification paired stereomicrographs as in
Plate 37c. In addition to the presence of numerous
knob- or bleb-like protrusions, microvilli emerge
from the juxtaventricular ependymal surface. X 4700

b, Ventrolateral wall near the floor of the rabbit third"
ventricle comparable to that illustrated in Plate 37c.
Most ependymal cells in this preparation bulge con-
spicuously into the ventricle. Their lateral borders .
are clearly demarcated by deep furrows. Note the
.predominance of microvilli on the surface of two

isolated epepdymal cells in the field (arrowheads).
X 1850

¢, Higher magnification of a region of the rabbit
ventricle similar to that shown in Plates 37c and

38a, b. X 2975

(Cambhene sublimation method) ~
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Y
ciliated ependymal cells abound within most of the third ventricle, the

interventricular foramen and the cerebral aqueduct not unlike that

b
-

which we have repo}ted in the other species exémined (Plate 4la).
From our preliminary observations on selected regions of the lateral
cerebral ventricles, it seems very likely that this organization per-
sists throughqut the entire ventricular system in the human. This is

in contrast to erroneous descriptions which may still be found in

recent textbooks. Intervening non-ciliated patches which periodically
interrupt the ciliated surface exhibit a feltwork of microvilli. The .

"
human third ventricle exhibited essentially the same regional varia- -

tions in surface morphology as did the other species we have'studied
but they are not as sharply defined. A gradual and almost inpercep-

e
tible transition to a sparsely ciliated surface occurs along the

middle one-third of the ventricle wall (Plate 41b). This observation
has recently been confirmed by Gito (1975) in his study of the human

ventricular system. Comparéd with either the rabbit, rat or mouse,

this means that non-ciliated ependymal surface occupies a larger ex-

panse of the lateral wall in,the human. Human fetal preparations of
13 weeks, however, exhibit sharply defined and abrupt transitions in
the oréanization of the ventricular wall comparable to that of other
mammalian species (Scott et al., 1972b,. 1973, 1974b). We can only
speculate on the possible reason for such differences. Worthington
a%d Cathcart (1963) have suggested that more cilia may be present in

fr?sh preparations of human adult brain than are encountered after

routine fixation. |In addition to post-mortem autolytic changes, age

related changes, disease\processes and possibly-cyclic renewal and

degeneration ére a few to be considered. Cilia diminish progressively .

L




Plate 39

Scanning micrographs arranged ag a montage showing a
small segment of the ventrolateral wall of. the rabbit
third ventricle. Note the flask-shaped or ellipsoidal
form of the ependymal tanycyte somata (EpT) elongated
in an axis perpendicular to the ventricular lumen.
Theis non-ciliated apical convexities (arrows) project
into the ventricle while a single thick proce (arro%i
heads) commonly extends from the basallgglp4:%§he ,
transition from cell body to basal process kédclearly
defined. X 6800 \
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Plate 40

SN

Scanning electron micrographs arranged as a montage show-
ing a tanycyte ependymal cell at the level of the rabbit
infundibular recess.. The luminal surface of individual

' ependymal tanycyte somata (TSI’ TSZ) is non-ciliated.

Note that the single tapering basal process (TP} is
unbranched throughout its course through the neuropil
except at its termination where multiple end-feet (TFP)
are given off. X 2500 Inset, shows héw the peri-
vascular foot processes appear to encircle the vessel
wall. CL, capillary lumen; arrowheads, apposed ends of
tanycyte process cleaved in preparation. X 4300

(Camphene sublimation method)




Plate 41 a, Scanning electron micrograph of the dorsolateral wall
of the human third ventricle. The ependymal surface,

- not unlike the other species examined, is characterizad
by a thick mat of cilia with intervening non-ciliated

TR AN LY SR SR v e i vt

patches of variable size. X 1000. Inset, Higher magni-
. ftcation of a portion of the dorsal wall as shown in
, fig. a illustrating the presence of a felt-work of micro-

villi between the cilia. X 2000.

b, A broad portion of the transitional zone in the human
third ventricle is shown in this scanning micrograph.
Cilia become progressively fewer on the lateral walls
of the ventricle along a dorsal to véntral gradient.
X 900.

¢, The luminal surface of non-ciliated ependymal cells along
the ventrolateral wall near the floor of the ventricle is
shown in this micrograph. 'Surface blebs may be seen int .
this field. X 2700. T

v
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in a dorsal to ventral gradient and are entirely lacking in the erths
of the ventricle along the ventrolateral wall and floor (Plate 4lc).

It was Qenerally difficult to determine with certainty the nature of

the surface specializations exhibited by the non-ciliated ependymal
cells in this region since preparations were frequently of less than

opt imum qqality. Nevertheless there were indications that surface blebs
and microvilli like those of the other animal species studied were
present. ‘ - 3 .

Sulcated areas were seen freqqutly in some regions of the human
third ventricles that were examined (Plate 44). This observation has
been made previously in the human particularly the third ventricle
Friede, 1961; Scott et al., 1972b) and in the lateral ventricles of
both fetal and adult sheep (Kozlowski et al., 1972; Scott et al., 1974b).
Such areas are therefg?e presumed to be normal and consistent features
" of the ventricular walls.

The observations of this comparative study substantiate sugges-
tions tha} the ependymal lining of the cerebral ventricles is almost
completely ciliated and that the conspicuous absence of cilia in cir-
cumscribed regions of the ventricular system is exceptional. The
dorsotateral wall of the third ventricle in all species examined has a
relatively constant appearance. The ependymal surface is characterized
by a dense mat of cilia which extends into the lumen of the ventricle
totally obscuring the/d%derlylng surfaces., This structura{ organ’iza-
tion is found in several pammalian species including the rat, cat,
mink, sheep, monkey and man (Clementi and Marini, 1972; Scott et al.,
1972b, 1973, 197kb; Kozlowski et al., 1973; Mestres et al., 1974).

The ependymal cilia of third ventricle are generally uniform and
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homogenpous,‘however, species variation In density and possibly size

is suggested. They are‘similér in structure to those found within the
Other brain ventricles. Generally, tufts of 25 or more cilia emanate
from the central apical part of the luminal cell surface projecting
into the ventr;cle i;m different directions. Unlﬁce those of the cat
(Clementi and Marini, 1972) or of the rat lateral ventricle (Peters,
1974), cilia particularly in the rabbit are not of a constant thick-
ness from base to tip; rather they taper distally ending in terminal
bulbous enlargements which havé not been described previousty. Such
terminal dilatations at the apex of each cilium (the diameter of which
exceeds that of the shaft), have since been seen in the brain ventri-
cles of sheep (Kozlowski et al., 1973), monkey (Coates, 1973a, b) and
the mink (Scott et al., 1973). While no special significance can be
attached to these terminal dilatations analagous surface specializa-
tions (designated ciliary crowns) have recently been demonstrated in
the cilia from all parts of mouse oviduct with both the scanning and
transmission electron microscopes (Dirksen and Satir, 1972). These
authors described terminal dilatations as an extracellular surface
speci;lization whi ch ultrastructuraily consisted of a crown of fine
hairs 60 & thick, 225 A long and wﬁich appear to insert into the cell
membrane . .

The ciliary surface ih the rabbit, unlike that of either the
mink (Scott et al., 1973) or the cat (Clementi and Marini, 1972) which
possess smooth membrane profiles without particular substructure, is
irregular with smal] thickenings and an almost segmental appearance.

Such morphology may reflect a means of extending the surface area for

purposes of ciliary pinocytosis (Brightman, 1965). Occasionally, the




ependymal cell membrane could be observed toc invaginate around the

cilium forming a pericilliary moat surrd@nding the base of the shaft

(Kohno and Usui, 1966; Brightman and Palay, 1963). The function of

cilia within the ventricular system is somewhat conjectural. While
gradients of cerebrospinal fluid production and absorption are gener-
ally reéarded as important detenninanfs for the direction of CSF flow
within the brain ventricles, studig? do indicate that epéndymal cilia
are motile and capable of influencing the direction of current flow

.
and the movement of particulate matter (Hild, 1957; Cathcart and
Worthington, 1964; Worthington and Cathcar%,‘1963, 1966; Dalen, Schlapfer
and Mamoon, 1971). Kohno and Usui (1966), however, concluded that
ependymal cilia are not sufficiently pqlarized to maintain the direc-
tional circulation of CSF within the ventricular system, Speculation
as to their physiological significance ranges %rom suggestions that
they may subserve a sensory or receptive function te suggestions thai
they are simply non-functional.

In contrast to the rest of the ventricular lining, the ventro-
lateral wall and floor of the third ventricle is consisfently devoid
of cilia. The luminal surface of these ependymal cells is character-
ized by numerous irregular membrane specializations, some of which
resemble microvilli. This distinctive morpholagy is constaﬁ% among
most other mammalian species and né doubt reflects a unique functional
capacity. Of equal significance, is the close correspondence of this
region wi;h the large numbers of tanycytes distinguished in the area
by other means of investigation (Chapter 4.1). It is not possible,

however, to apply this topographical-structural correspondence too

rigidly since 1) it is possible that not all ependymal cells in this
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region of the ventricle are tanycytes, 2) tanycytes are not confined

only to this region of the third veﬁtricle, ang 3) it s nog possible
to distinguish with certainty tanycytes from commbn mural ependymal
cells on the basis of their surface morthlogy alone.

Elaborations of the cell surface are generally considered to
be structural adaptations for specialized cell functions. From a
functional standpoint, microviili such as those of intestinal and renal
epithelia are known to be associated with an absorptive function, al-
though their presence cannot always be equated with such a function
(Fawcett, 1962). A limited covering of microvilli has also been demon-
strated on certain epithelial cells—notably, the mucous and parietal
cells of the gastric mucosa as well as the goblet cells of the intes-
tinal epithelium whg;e principal function is secretion EFawcett, 1962,
1965). On the other hand, it has been proposed that microvilli of
the serosal surfaces of major orgéns and tissues function in protecting
thé underlying mesothelium from abrasive or friptional"damage (Andrews
and Porter, 1973). Notwithstanding the fact that even cells whose
surface have a similar appearance may actually be diverse in their
functions, on none of the non-ciliated ependyma in the ventrolateral
wall were microvilli found to be as numerous, as uni%orm, or as orderly
in their arrangement as they are in the cells and tissues characterized
above. The predominant features of these cells as determined by SEM
observation are the large numbers of pleomorphic apical blebs. Ultra-
structurally, Matsui and Kobayashi (1968) and Kobayashi and Matsui
(1969) ascribed three basic types of ependymal membrane profiles to an

equivalent area of the third ventricle in the rat and the white-crowned

sparrow-*bleb-lfke microvilli or bulbous protrusions, finger-like




v ?
{' microvilli and surface folds. The apical blebs commonly seen on the
’ luminal surface in this region of the ventricle have been suggested
to be a morphological expression of an apocrine release of some un-
known secretory material into the ventricle (Scott _E_gl;) 1972a;
g} Kozlowski et al., 1973; Mestres et al., 1974). Some authors alluded

to the morphological similarities between ependyma of the ventro-
lateral wgll of the third ventricle, of the choroid plexus and of the

circumventricular organs (structures either known'or suspected to have

a secretory function), in supporting the general notion that the epen-

i dyma is an active secretory epithelium and possibly also an extrachor-
;; oidal source of CSF (Weindl and Joynt, 1972a, b; Kozlowski et al.,
1973; Scott et al., 1973, 1974b).

; Large lucent-excrescences or spheroids described as emanating
;: from the-ependymal cells or lying freely upon the floor of the third
%;' ventricle (Knigge and Scott, 1970; Clementi and Marini, 1972; Scott

t al., 1972a, b, 1973; Mestres et al., 1974) have been frequently
encounte red in‘our studies, however,‘it seems doubtful that they rep-
resent either a single population or a unique feature of the ventricle
wall. Similarly the presence of smooth and granular-surfaced rounded
structures among ciliated ependymal cells gimilar to those described
by Clementi and Marini (1972), Mestres et al. (1974) and Scott et al.
(1974b) has in our studies been invariably associated with contamina-
tion of the ventricular surface by formed elements of the blood. It
is difficult, therefore, to accept the® suggestion that they represent

true in vivo morphological features of the ventricular surface. Two

unusual structures, however, which we have encountered in the course

of our investigations are shown in Plate 42. Their identity could not
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(1-3 um diam.) that extended for some distance over the .ependymal sur-

I3

face. Smaller collateral branches could.be followed for variable

distances and at points appeared to pierce the epenaymé, as if to ex-

. tend into the underlying layers of the ventricle wall (Plate h3b): ,

Occasionally adjacent processes were interyoven at what appeared to be

their terminus in a tangled arborization (Plate 43c). While the neur-
ona) nature of these profiles remaiﬁs to be established, they may be
analogous to the neuronal-like structures described by‘Noack et al.
(1972) . in the cat Iaéeral ventricle and the unmyelinated nerve fibers
identified on the surface of the rat lateral ventricle (Westergaard,
1972). These structures were d;scribed by Westergaard as containing‘
neurotubules (200-300 A diam.), rod shaped ﬁ{chhondria with longi-

- t
. tudinally arranged cristae and vesicles of diverse size, shape and

content. Richards, Lorez and Tranzer (1973) recengly confirmed and
extended. these observations demonstrating that su;raependymal nerve
terminals within the ventricles of the rat brain selectivély accumu~
,,} . late S-hydroxyaopamine anq have been specifically characterized;as.
&onoaminergic. Although nothing of the érigin; distribufion or func-
tion of these nerv;}fibers has be;n determined, investigators have *
speculatéd extensively on their function. It aas b;en‘sugéested that
they may be capable of regulating the function of ependymal cells,
n»f' ‘ that khey may be involved in neuroendocrine regulating mechanisms,
that they may act as receptors.dr that they secrete dfrectly into the
CSF. | )
While these structures may resemble neufal processes and may

correspond to SEM images described ih other species, their infrequent

occurrence, 'unusual morphology and proximity to the cut surface ¢f the

*
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Plate 42

a,

An unusual crater-like formation protruding from the
lateral wall of the rabbit supraoptic recess. X 126.
ay, Higher magnification of an identical formation

both in structure and location observed in a second
rabbit specimen. Note that the ridges appear to consist
of ciliated ependymal cells continuous with those of

the adjacent wall of the ventricle. X 992

An unusual structure assumed to be a blood vessel
emanating from the ventricular surface of the rabbit
infundibular recess. |t has an outer sheath of cells
(fibroblasts, meningeal cells) continuous with ependymal
cells lining the recess. X 410. b, Higher magnification
of the same structure illustrating the fusiform or spindle
shaped outer collar of cells. X 1600. bj, The cut end

of the same structure in cross-section showing what could
conceivably be construed as a lumen. X 3700.

(Camphene sublimation method)
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vesicles and distinctive small mitochondria were encountered at the

free ependymal surface and closely interdigitated w{th ependymal

cells in the rat (Brightman and Palay, 1963). Matsui and Kobayashi
(1968), however, reported that such unmyelinated axonal endings pro-
truding into the third ventricle were not a frequent ffnding in this
species. In the third agd fourth ventr}cles of the rabbit and cat
brain, a great number of bulb-1like procésses of unmyelinated nerve
fibets containing both the small synaptic type and the larger dense
cored vesicles, as well as large mitochondria, have also been dgscribed
(Leonhardt and Lindner, 1967; Leonhardt, 1968; Leonhardt and Prien,
?968; Leonhardt and Backhus;Roth, lé69). Between the bulb and the

apical plasmalemma of the ependyma, desmosomes and synapse-like con-

tacts were found. The significance of these intraventricutar neuronal

proéesses and their relevance to the present discussion is based on

the fact that they are considered by some investigators to represent

a pétential mode of entry into the CSF for biologically active prin-
ciples. This supposition is not without precedenk since the presence
of small conézntratiqns of a number of such principles in the CSF has
been documented. They have included thyroxine and triiodothyroning
(Siersbaek-Nielsen and Mélholm Hansen, 1970; Hagen and Solberg, 1974),
insulin (Maréolis and Altzuler, 1967), cortisone and hydrocorgisone
(Baron and Abelson, 1954),. progesterone (Lurie and Weiss, 1967), estro-
gen'(Anand Fumar and Thomas, 1968; Anand Kumar, 1973), HCG (Bagshawe,

Hilary Orr and Rushworth,.1968), GH (Linfoot et al., 1970), TSH (Bakke,

\]

1963) and ACTH (Kendall, McGilura and Lamorena, -1973). Feldberg and

hr‘-

Myers (1966) described tH!’presence‘of~serotonin, catecholamines and a

hydroxy acid lipid, later presumed to be prostaglandin, in the CSF of
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the cat. The presence of a peptide with ADH activity has also been

demonstrated in the ventricular CSf’(Heller, Hasan and Saifi, 1968;

Vorherr et al., 1968; Heller, 1969; Rodriguez and Heller, 1970;

Pavel and Coculescu, 1972). As we have already stated elsé;here, it”

is speculated that the specfalized ependyma of the lateroventral wall

and floor of the third ventricle may_be responsive to the presence of
circulating hormonal principles within the CSF. Using the SEM,

Clementi and Marini (1972) idengified small round formations on the

floor of the cat third ventricle which they have likened to the club-

like nerve endings described above, In contrast, we have not been ‘ \
able go identify the presence of such'distinct i;terependymal neuronal
projections within the ventricle in our §tudies. If is conceivable

that their presence may, however, be obscured by the knob or bulb-like .

protrusions which populate the ependymal surface in this region of the

ventricle.

i) Supraependymal Neuronal Processes

In additioﬁ to the presence of neuronal processes which traverse
the wall of the ventricle and come to lie within the lumén, a variety
of intraluminal structures lying freely on thg'ependyma have been
described within the mammalian cerebral ventricles (Schwanitz, 1969).

In the third and fourth ventricles of the rabbit and of the cat, glial
cells.have been reported to lie freely within the lumen (Leonhardt and’
Lindne®, 1967); in the rabbit, cat, rat and mouse third ventricle
microglial-like cells were reported to lie on the ependymal surface
(Bléier, 1971, 1972). The existence of epiplexus (Kolmgr) cells in

most if not all vertebrate spécies is well documented (Carpenter et al.,

1370). More recently, their structure has been characterized with
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the SEM (Hosoya and Fujita, 1975; Chamberlain, 197h; Peters, i97h).
The presence of a curious population of mthiproceﬁsed gupra-
ependqul cells of various sizes and configurations does not appear to
‘be an isolated phenomean'siﬁce”they have recently been demonstrated
by SEM in the cat (Clementi and Marini, 1972), squirrel monkey'ana
rabbit third ventricle (Weindl and Joynt, 1972a, b). Similar intra-
}uminal cells have also been observed along the floor and in the IR

of the monkey (Coates, 1972, 1973a, b, c), mink (Scott et al., 1973)

and human (Scott et al., 1972b), third ventricle as well as within

the lateral ventricles of the rat (ééters, 1974) and-cat (Noack et al.,
'972)', It has been proposed that these structures represent intra-
luminal glial and/or neuronal elements whose precise nature and func-
tion is as yet undetermined. While thi;'investigation has failéa to
document the presence of s}gnificant numbers of such struc;ures within
the third ventricle, supraependymal cell-like structures with many
long branching processes that extend over‘the underlying ependymal
surface were observed in a few preparations. Their morphclogy and
disposition are in accord‘with descriptions provided by Noack et al.
(1972) and Peters (1974) of si&ilar'structures within.the cat and rat
lateral ventriclés respective]; and within the cat, mink and human

third ventricles (Clementi and Marini, 1972; Scott et al., 1972b, |
1973, 1974b). These intraluminal structures are shown in Plate 93.
They were situatedvglong the non-ciliated wall of the infundibular re-
cess and were clearly distinct from the subjacent luminal ependymal
surface. Large oval or spherical shaped bodies (8 ym diam.) with a

relatively smooth surface ™re particulérly conspicuous (Plate 43d).

Arising from these swellings were long cylindrical processes
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(1-3 um diam.) that extended for some distance over the -ependymal sur-
face. Smaller collateral branches could.be followed for variable
distances and at points appeared to pierce the epenaymé, as if to ex-

tend into the underlying”layers of the ventricle wall (Plate h3b): ‘

»

Occasionally adjacent processes were interwoven at what appeared to be
their terminus in a tangled arborization (Ptate 43c). While the neur-
ona) nature of these profiles remains to be established, they may be

analogous to the neuronal-like structures described by Noack et al.

(1972). in the cat lateral ventricle and the unmyelinated nerve fibers
identified on the surface of the rat lateral ventricle (Westergaard,

1972) . These structures were described by Westergaard as containing

o -
neurotubules (200-300 A diam.), rod shaped mitochondria with longi-
. t E i

tudinally arranged cristae and vesicles of divgfse size, shape and A

content. Richards, Lorez and Tranzer (1973) recently confirmed and

’\

extended. these observations demonstrating that supraependymal nerve ‘
té?minq!s within the ventricles of the rat brain selectively accumu-
late S-hydroxyaopamine and have been specifically characterized,as.

6onoaminergic, Although nothing of the origin, distribution or func- .

\)

tion of these nerve fibers has been detefmined, investigators have
speculatedﬂextensively on their function. It Has b;ep~sug§gsted that h
they may pe capablé of regulating the function of ependymal cells,

that ;hey may be involved in neuroendocrine regulating mechanisms,

that they may act as receptors‘dr that they secrete dfrectly into the

CSF. : ‘ ‘

While these strﬁctures may resemble neu}al processes and may

correspond to SEM images described ih other species, their infrequent
_occurrence, runusual morphology and proximity.to the cut surface“pf the

‘ -

.
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Plate: 43 a,

A K

Scanning electron micrograph of the anterolateral
wall of the rabbit |R. Occasionally, *supraependymal
structures with long branching processes were seen
lying on the non-ciliated ependymal surfgfe of the °
recess. X 700. d

‘ #
Branches which appear to extend into the underlying
ependymal surface (arrowheads). X 1600.

~

'Occasionally processes appeared to be interwoven at

their termjnation in a tangled arborization. X 1760.

- »

Most processes were observed to originate from oval

FEYOMENEX

or spherical bodies having a relatively smooth texture.

X 1800.
(Camphene sublimation method)

e !






tissue does not preclude the possibility of preparational artifact

and ‘therefore warrants cautious interpretation.

g
i1) Anomalous Course of the Dorsal Supraoptic Decussation

The supraoptic decussations or commissures of the. third cerebral
.v;ntricle are poorly understood fiber bundles that course rqsfrally
through the hypothalamus, descend abruptly rostral to ‘the fornix and
bi?és the midline in the chiasmal ridge dorsal to and behind the de-
cussating optic tract.

L 4

. Vonderahe -(1937) noted ;n anomalous'coﬁrge of the dorsal supra-
.éptic decussation in i% of a sample of human brains examined. Instead
6f descending and crossing in the region of the chiasma in the usual
manner, the decussating fibers traversed the third ventricle at the
lev;l of the paraveﬁgricular nucleus. In such brains,'somerflbers of
the dorsai supraoptic Qecussationlwere traced to thevparaventrlcular
nucleus of the opéosite side indicatiquthgir probable termination.:

A scanning electron micrograph of a human mafewthird ventricle viewed
in mid-sagittal section is shown in Plate L4, The fiber bundle (0.3
mm diam.) eman{ting,from the ventricular surfaqg presented In fhis
figure W assumed to be the anomalous commissure described by Vonderahe.
Its surface is covered by a Iayer of ciliated ependymal cells contin-
uous withathp cilLated-cel]s fining the wall in this region of the
ventricle. Microscopically, the structure is sald to be composed of
finelxwmyel}nated and nonmyelinated fibers. It is interesting to -
_note :ﬁét in many such cases, this anomaly wés associated with a neo-

plastic growth elsewhere in the body; this was also found to be true

in the present study.

@




Plate 4k

({

Scanning electron micrograph of a human male third ventricle
as viewed in mid-sagittal section showing what is assumed

to be the anomalous course of the dorsal supraoptic
decussation (arrowhead) as it bridges the third ventricle

at about the thalamic level. Note the sulcations (small
arrows) in the thalamic (left) and retrochiasmatic (right)
areas of the ventricle wall. X 25. VIIl, third ventricle;
large arrow, site of pituitary stalk attachment. -

(Camphene sublimation method) -
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4.3 Morphblogy of the Ependymal Lining of the Rabbit Third
T

VentJicle Following Ovariectomy

Ovariectomy is a commonly accepted procedurg for ;tudying en-
docrine relationships. In reflex ovulators sucﬁ,as the rapbit, detailed
reports on the complex hormonal changes that occur following ovariectomy
are not htmefous. It is establishéd,‘nevertheless, that interruption
by ovariectomy of the ovarian steroid negative-feedback system whjch
controls tonic LH secretion initiates the discharge of LH. In the

. . 4 )
rabbit, a modest but progressive increase in LH levels occurs following
ovariectomy which stabilizes at about 1.5 times‘control values within
the first few days post-operatively (Dufy-Barb? et al., 1972; Dufy-Barbe,
Franchimont and Faure, 1973). Scaramuzzi g!_gi;_(l972) reported that
serum LH values in female rabbits ovariectofrized for 4-14 months were
elevated 4-fold over those of estFous females and were not correlated
with the period of castration. - An early and progressive elevation in
FSH levels is similarly seen in the female rabbit following ovariectomy.
Dufy-Barbe et al. (1972: 1973) have reported a 3-foid elevation.in FSH

Alevel; 2 days after ovariectomy, a 6-fold increase at the end of 1 week
and by 90 days, values abprdaching‘lo times basal levels. Against such
a backgrouhd of dynamiéally changing hormonal milieuwx, the interpreta-
tion of concomitant morphological changes, if any, resulting from ovar-

iectomy is at the very least difficult.

s
a

In this investigation as in all subsequent studies to be reported,
examfnatiqn of the ependymal surface' of the third ventricle with the
scanning electron microscope revealed a pattern of regional,variatioh
in morphology entirely copsistent with/descriptions which have been
previously reported (Chapter 4.2). Qﬁ the basis of this variation in

~
/
i

- ) ' ,/
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surface morphology, the ventricle has been conveniently divided into

three distinct regions: 1) the dorsolateral wall, 2) a transitional

zone, and 3) the ventroiateral wall and floor (infundibular and mam-
millary recesses). The‘largest part of the ventricular.surfacé, the
dorsolateral walls, is distinguished by the pr;segée of a more or

less homogene;us population of densely-ciliated cuboidal celis. In

contrast, the luminal surface of ependymal ce[ls-forming the ventro-

lateral wall and Flopr of the ventricle, which corresponds t64the-

u ' region of greatest tanycyte concentration {(Chapter 4.1), exhibits an
appearance quite distinct from the adjacent ventricular surfaces and
is characteristically non-ciliated. The transitional zone, which is

' interposed between the ciliated dorsolateral wall and the non-ciliated
ventrolateral wall eghibits surface features which are éommon to both
regions as the one is gradually transformed 1nfo the other.

The dors;lateral wall and the transitional zone maintained the
same constant appearance and was unchanged from animal to animal re-
gardless of the experimental proceduresﬂemployed in this and subsequent
investigations. In most instances it was not possible because of the
ciliatéa nature of the dorsolateral walls tosdirectly visualize the
luminal ependymal surface. For these reésons and to avoid unnecessary
repetition, we have chosen not to illustrate these two regions and they
have been excluded from further consideration. Henceforth attention
, will be focused on.the ventrolateral wall and floor of the ventricle,

] for it is in Zhis region that the ependymal cells appear to be uniquely

organized for the translgcatioh of substances from the CSF and are

D .
allegedly responsive to changes in the hormonal state of the animal.

-

Care was taken to select equivalent areas of this small region in both:

-
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- ments made of a representative sample of these cellular profiles in

187 .

control and experimental animals for comparison, to ensure that any °
changes seen in the ependymal surface could validly be ascribed to

~ *
castration and not to random variation in ependymal morphology. The

accompanying micrographs (Plate 45, 46) therefore are representative “

of the middle- one-third of the lateral wall and floor of the IR cor-

responding to the region desiénated b in Plate 57 (i.e., the adjoining

parts of the regions designated 1 and 2 in'Plate 2). The non-ciliated

ependymal surface of this small region has at low magnification, a

cobble-stone appeérance. This topographigal pattern was evident in

both ovariectomized rabbits and laparotomized controls (Plate 45, 4p).

It was largely attributable to the fact that the apices of most of o ;
the ependymgl cells bulge into the lumen of the ventricle. As'a con-

sequence, individual cells were circumscribed by furrowed borders that

made them comparatively easy to distinguish from one another. Measure~

both ovariectomized and laparotomized animals over the 34 week post-
operative period are compared in figure 3. It is important to note
- — *

that measurements taken from single rather than stereo-migrographs will

most likely be inaccurate because the image of the surface is fore-

- shortened due to thé tilt of the specimen relative to, the electron .

, P
beam. Thus the measurements provided can be regarded as very approxi-

mate only and are intended to pravide an idaicatioq of relative ratﬁer
than absolute values. Two points may be noted in figure 3: l)\the
overall similarity in fhe size distribution of cellular profiles in
both‘controls and ovariectomized rabbits; and 2) the abrupt and perma-
nent shift in the distribution of cell size that occurs at 1 and 3 weeks

in control and experimental animals respectively.

- - i i
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Plate 45 a, Scann@ng electron micrograph showing the ependymal sur-

face of the IR in a laparotomized rabbit sacrificed

one week post-operatively. Note the cobble-stone
appearance of the non-ciliated ependymal surface.

X 1480. Inset, is an enlargement of a small part of

the field shown in fig. a. Most of the bleb-like profiles
in this narrow field are < 0.6 um diameter. X 7400.

Scanning electron micrograph -of a region of the ventricle
equivalent to that shown in fig. a above in an ovariec-
tomized rabbit sacrificed one week post-operatively.

No significant morphological changes were noted when

‘compared with controls. X 1540. Inset, is an enlarge-

ment*of a small part of the field shown in fig. b. The
bleb-tike and globular profiles in this field range from
<1 to 3 um diameter. X 7500.

(Camphéene sublimation method) ‘ .
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Plate 46 a,

4

Scanning electron micrograph showing a small part of

the ependymal surface of the IR in a laparotomized

rabbit sacrificed 6 weeks post-operatively. The variable
complexity seen in the morphology of the ependymal
surface is shown in this figure. Open arrows, bleb-like
profiles; solid arrows, microvilli. X 4150

Scanning 'electron micrograph of the ependymal surface

of the IR in an ovariectomized rabbi;iiacrificed 6 weeks
post-operatively. X 740. Inset, is an enlargement of a
small part of the field shown in fig. b. X 3000.

(Camphene sublimation method)
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3 Figure 3

Histograms of the dpical diameters of ependymal cells within the IR
of laparotomized and ovariectomized rabbits from 3 days to 34 weeks
post-operatively. Measurements of cellular dimensions were made

. directly from micrographs of constant field (18 cm2) and magnification

(X 1600). " Each histogram is drawn from data derived from 2 micro-»
graphs (1 per rabbit) at each post-operative period. Approximately
150 cellular profiles were measured in each micrograph,
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While the significance of this last observation is not immediately
apparent, it is unlikely, however, to be related to ovariectomy since
/
the same pattern was established in controls. The broadened distribu-

tion of cellular dimensions seen at 16 and 34 weeks may be explained by

the fact that in one of the two animals at each of these post-operative
periods broad regions of the IR were atypically flattened and largely
devoid of surface eruptions. Brawer, Lin and Sonnenschein (1974) noted
thag the basal ventricular wail'in the rat had a similar glabrous
appear;;Ce with individual ependymal cells outlined by ridgg-like ele-
vations only during diestrus. They have characterized this as a qui-
escent stage of activity in ependyma wh}ch fhey observed to undergo
cyclic changes coinciding with different phases of the estrous cycle.
‘Ne are uncertain, however, of the extent to which these vagaries re-
flect true structure or are attributable to lgss'than optimal prepara-
tion of the tissue.

The specializations or eruptions of the ependymal surface which
are pec;liar to this region of>the ventric]e'represent the second
paramefer that was conwjdered. Measurements were made of a representa-
tive sample of éhesg profiles i; bbth ovariectomized and laparotomized
animals over the experimental period. Figure &4 p}ovides an indication
of the variability enc;untered yith respect to this p;rameter. The
déta is based on measurements that were made of only the knob- or
bleb-1ike surface profiles. Two points may'be noted in this figure:
I)'the relative unifonmlty.in the average size distribution of thp
knobB- qr'bleb-like profiles in both controls anq ovariectomized animals

during the experimental period, and 2) that a broader range of profiles

(i.e., 1-3.5 um range were more prevalent during the 3 day to 6 weeéks

‘7




Figure 4

4

Histograms of the diameters of bleb~like profiles on the surface of
ependymal celis within the IR of laparotomized and ovariectomized
rabbits from 3 days to 34 weeks post-operatively. MeaSgrements were
made directly from micrographs of constant field (18 cm) and magni-
fication (X 8000). Each histogram is drawn from measurements derived
from 2 micrographs (1 per rabbit) at each post-operative period.
Approximately 150 of the bleb-like profiles were measured in each
micrograph. - \
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o .
post-operative period (where profiles within. this size range represented

approximately 27-35% of the total population) than during the ;ubsequent _ -
8-34 week post-operativg‘period (where they represented only 13-15% of
the total population).
Few investigations describing the ependyma following ovariectomy
have been undertaken'using the scanning electron microscope. While the

SEM appeared to be ideally suited for a study of this type by providing

a total view of the structure of large areas of the ventricular surface,
the results obtained however are at variance with images acquired from
reconstruction of thin sections. Kobayashi andeatsui (1969) and
Kobayashi, Matsui and Ishii (1970) have found that three weeks after
ovariectomy most ependymal and hypendymal cells and tteir nuclei in the
female rat ME are enlarged and cytoplasmfc organe1le§ are increased in
number. A comparable response was obtained in the mouse by Oksche

?% et al. (1972) who reported an increase in the nuclear voJume’of epen-

dymal cells adjoining the ME and arcuate nucleus 6 days after ovari-

ectohy; by 12 days, only the ependyma adjacent to the arcuate nucleus

remained in the stimuldted state.
With regard to surface specializations, in the monkey, both
B, microvilli and rounded bulbous projections are normally distinguished

on the ependymal ventricular border. Following ovariectomy (1-3 mos)

. however, the bleb-1ike projections vanish almost gntirely (Knowles and

g Anand Kumar, 1969; Coates, 1974). In the rat, Kobayashi and Matsui

t§~ (1969) and Kobayashi et al. (1970) found that both microvilli and bulbous
'r protrusions are poorly developed on the apical surface of most ependyma

3 weeks after ovariectomy, whereas Oksche et al. (1972). noted only.a .

marked decrease of microvilli on thé apical plasmalemma 6-12 days after
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_ovariectomy in the mouse. Most investigators (Knowles and Anand Kumar, .
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1969; Kobayashi and M;tsui, 1969; Kobayashi et al., 1970; Coates, 1974)
agree howéver, that subsequent replacement treatment with estrogen
restores, and even increases, the number of apical bleb-like and bul-
bous protrusio&s whfch‘disqppeared after gonadectomy: In.céntrast to
these reports, castration produced no changes fn the ependyma of thev
rat (Brawer, 1971) or the Coturnix quail (Sharp, 1972). Aln addition,
Sharp (1972) was unable to fhﬁi%ny differences between castrated and
estrogen or testosterone treated birds.

On the basis of our observations, in the rabbit we have arrived
at the same conclusion., No significant cha%ges in ependymal morphology
occur that can be correlated with.the increased gonadotropic hormone
secretion associated with ovariectomy. From a fdnctional point of view
;heré‘is no evidence to. indicate enhanced or diminished secretory or
absorptive activity of ependyma triggered by ovariectomy. It is plaus-
ible to conclude therefore that ependymal cells lining the laterai wall
and floor of the IR are not directly responsive to changes in adeno- -
hypophysial activity dnd therefore on this .basis may nof be implicated
as ; communicating link between the CSF- and pituitary for feedback
regulatory effggts.

The normal variation commonly observed in the complexity of the
luminal cell surfaces while unrelated to the hormonal changes occasioned
by ovariectomy does suggest that ependyma in this region 'of the ventri-
cle may have a highly dynamic surface which is morphologically plastic

even under normal conditions. The ependymal surface may be reshaped in
4

acco:gfnce with ‘changes in CSF composition, production and/or pressure ’

(Schechter andwiner, 1972) or may simply reflect differences in the‘

e




ﬁ?

? functional state of cells at the time of fixation.
§ Finally, the following additional considerations merit attention:
f_ 1) our inability to correlate changes in the epgndymal surface of the
i IR with ovariectomy may be due to the variable complexities of this
§ » specialized surface itself, a view advanced by Schechter and Winer (1972)
§ to explain their failure to observe changes in the ependymal surface of
b4 . T - 3

: %, the rat lateral recess in response to catézholamines, 2) the response

. é o} a cell to hormonal changes may not be reflected as a surface phenome;

non, and 3) the normal variations in the complexity of this specialized
‘surface may explain why the present results are a£ variance with ultra-
structural studies in that the sampling necessary in thiﬁly,sectioned
matecial-for TEM may miss regional variations in a givehfarea.
Chamberlain (1973) found this to bé a very plausible explanation for
the inconsistencies which hg noted in the development of ependyma and

choroid plexuses in prenatal rat brains. .
i

L. 4 oOvulation in the Rabbit Following Administration of Synthetic

H Luteinizing Hormone-Releasing Hormone (LH-RH)

i) Intravenous Administration of Synthetic LH-RH in Conscious

] ’ and Urethane Anesthetized Rabbits

The minimum effective dose (MED):of synthetic LH-RH req;ired to'
induce ovulation in 100% of conscious rabbits when admigistered iﬁtra-
venous ly was found to be 300 ng/kg body wt (fable 1). Two-thirds of

| this dose (200 ng/kg.body wt) was effective in inducing ovulation in 60%
of the animals. There was no evidence that synthetic LH-RH in rela-

tively large doses (8x or 20x the MED,OO)‘increased the number of ova

released significantly above the number (6.7 + 1.9) obtained with-minimum

199
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effe¢tive dose levels (Table I). Rabbits that ovulated, did so 13-16
hours after LH~-RH administration. The time at which ovulation occurred
following injection was not relgted to the dose of synthetic decapeptide

-~

administered.

: Parallel results obtained in urethane anesthetized rabbits in-
jected intravenously with synthetic LH-RH are shown in Table II.
Treatment with 250 and~300 ng/kg body wt of synthetic LH-RH adminstered
as a single rapid intravenous injection resulted in ovulation in 33%
and 75% of animals respectively.  Totally ineffective ovulatory doses -
ranged from 16 - 200 ng/kg body wt. Evidence of stimulated %ollicles -
with these suyb-ovulatory doses were neverthelesd found (Plate 47).
This was expected since synthetic LH-RH preparations like the native
material are known to stimulate the rélease of both {H and FSH. Admin-
i}tration of the vehicle (0.15 M NaCl) alone wa;, as expecteé, wifhoyt'
any effect. |

The minimum effective dose of LH-RH required to induce ovulation

in 100% of urethane—anesthetizgd animals when administered systemically
was 400 ng/kg body wt (Table I|)."This dose is one-third larger than
the equivalently effective dosage required in the unanesthetized but
othgrwise identically treated rabbit (Table 1). Despite‘differenées

in the quantity of synthetic de;apeptide required to induce ovulation

in conscious and anesthetized groups, differences in the times at which

ovulation occurred following LH-RH administration were not observed.

- In urethane anesthetized rabbits, as in conscious rabbits, ovulation

occurred between 13 and 16 hours after injection precluding the possibility

a

of a delayed ovulatory response with the anesthetic. Supraovulation

following administration of large exogenous doses of LH-RH in anesthetized

s




Plate 477

Large cystic antral follicles (arrowheads) bulging
from the surface of. ovaries removed from a urethane

‘anesthetized rabbit following intravenous administration

of an ineffective ovulatory dose (120 ng/kg body weight)
of synthetic LH-RH. No rupture sites can be seen on
either ovary. X 3.5.

Ruptured follicTes (arrowheads) found bilaterally.-in
the ovaries of a rabbit following intravenous injection
of an effective ovulatory dose (250 ng/kg body weight)
of synthetic LH-RH. X 3.5.

Unfertilized ovum recovered following saline flushing

of the uterus and oviducts after intravenous administra-
tion of an ovulatory dose (300 ng/kg body weight) of
synthetic LH-RH in a conscious rabbit. Six such ova

were recovered from this -animal which had a total of

9 rypture sites, representing 67% recovery. ZP, zona .
pellucida; PS, perivitelline space; VM, vitelline membrane;
Pb, 1st polar body. s

Q/ ‘
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rabbits (Table {I) wash}ikeQisé not apbareng. An abrupt.décrease“iﬁ‘
the average number of rupture sjites with increased dbs;ge may even be
suggested, although the sample is too small to Jjustify any definiE?ve
conclusions. Overstimulation of the ovary with a resultant chre;sé

in the number of ruptured follicles and oocytes teleased’is not un=-

~
.

*COMmMOon folléwipé adminisfratioﬁ of large exogenous doée; of gonadotro-'
pins in_fhe rabbit (Parkes, 1943; Wilson and Zarrow, 1962; Fox and
Krfnsky, 1968) or in rats treated with urethane (Linéoln and Kelly,
1972, Blake and'Sawyer, 1972). In most cases, the number of ova re-
covered bilaterally fr;m the: uterus and oviducts af rabbits in this

group (;rethane anesthetized-iﬁtravenously administered LH-RH) closely
paralleled the number of ruptured follicles that were identified -

(Plate 47).

ii) Intraventricular Administration of Synthetic LH-RH in

-

Urethane Anesthetized Rabbits

Data demonstrating the efficacy of intraventricularly adminis-

tered synthetic LH-RH (Plate 48) in inducing ovulation in the anesthe-

‘

tized rabbit is presented in Table I11. The MED ., of. LH-RH producing

ovulation.by this route of administration was 100 ng/kg body wt. This
dose is 25% that of the equivalent minimum effective dose required

systemically (Table 11), thus indicating that systemically ineffective

amounts of synthetic LH-RH when injected,intb the lateral cerebral ven-
tricle are able to induce ovulation in urethane anesthetized rabbits.

Ovulation did not occur in control.rabbits that received 10 ul of

1

0.15M NaCL only. As with*the systemic injections;~increésing dosages

of LH-RH administered iIntraventricularly did not result:in significant

\Y

increases in the number of ruptured follﬁbles.
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o Plate 48
i
»
-8
PromT e

.

X-ray (taken in the A-P plane) of a rabbit skull while
secured in the Kopf stereotaxic frame illustrates the

in situ locus of the microliter cannula (arrow) at the

time of injection. It is inserted into the left lateral
ventricle at a level approximately 3 mm rostral to the
interventricular foramen. (Stereotaxic co-ordinates A 2.0,

"L 2-2.5, H 4:0-6.0.) Accurate placement at the time of

injection was found to be invariably-associated with a
positive reflux of CSF. At the end of each experiment,
nevertheless, the position of the-cannula in the ventricle
was verified by gross inspection with the aid of a dissect-
ing microscope. nc, nose clamp; no,nasal cavity; hp,

hard palate; orc, oral -cavity; z, zygoma; m, super-
imposition of maxillary and mandibular archs;\ za, zygomatic
arch; o, ocgipital bone; fm, foramen magnum; oc, orbital
cavity. ‘
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The results of th[s ianstigation clearly demonstrate the efféc-
tiveness of synthetic LH-RH administered systemically in inducing
ovulation in both the conscious and thq‘urethang anesthetized rabbit.
Our observatiohs,,like those of Humphrey et al. (1973) and Dermody, °
Humphrey and Reel (1972) hcwever, fail to verify a'sighificant graded
increase in the number of ova released with increasing dosage of LH-RH
as r?ported by Amoss, Blackwell and Guillemin {1972).

in the-present study, therdose of LH-RH required to induce oyu-
lation in 1003 of conscious rabbits was 300 ng/kg body wt (Table 1) ana

in 60% of the animals, two-thirds of this dose (200 ng/kg body wt)
was equally effective. Thgse values are in‘close agreement with that °
(200 ng/kg Body wt) required to produce ovulation in the constant
estrous rabbit (Amoss 55_91;3 1972) and more recenily the' 250 ng/ké

body wt dose of synthetic LH-RH required in unprimed rabbits of the

same strain (Kanematsu, Scaramuzzi, Hilliard and Sawyer, 1974). In

the latter report, however; the dose (250‘ng/kg body wt) adminiétereh
by Kanematsu et al. (1974) actually represents something less than the -
minimum requirement since ovulation occurred in only 73% of rabbits so
treated. There is less correspondence, however, with the results of
Dermody et al. (1972) and Humphrey et al. (1973) in which the minimally
effective systemic dose of LH-RH required to induce ovulation in Dutch-
Belted estrous rabbits was determined to be 880 ng/kg body wt. On the
other hand, Yanihara, Sakurai, Okinagg_and Arai (!973) found that
intravenous injection of as much as 1 ug (approximately 300-500 ng/ké
body wt éccording to our calculation) of synthetic LH-RH was"tota}ly

Ineffective in inducing ovulation in untreated virgin rabbits. This

variability in-the ovulatory response to synthetic LH-RH as recorded .
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in the literature may be attributable to such factors as strain differ-
ences, variationAin the physiological state of the animal and a lack
of uniformity in the biological potency of-the LH-RH prepa;ations used.

The threshold dosage of systemically administered synthetic LH-
RH required to induce ovulation in 100% of urethane anesthetiied rab-
bits was 400 ng/kg body wt (Table I1). This value is 33% greater than
the equivalentl? effective dose required in the unanesthetized but
otherwise identically treated rabbit (Table I). This suggests that
the sensitivity of the ovulafbry response to exogenously administered °
LH-RH in the rabbit is altered but not blocked by a standard anes-
thetic dose of urethane. Whether this is due to a central effect of
urethane on the hypothalamus or a peripheral effect on the ovary is
not revealed by our investigation. It is known, however,'that anes-
thetic doses of urethane when administered prio; to the critical
period of proestrus in the rat, do block spontaneous ovulation (Haller
and Barraclough, 1968; feraéawa, ﬁhitmoyer and Sawyer, 1969; Lincoln
and Kelly, 1972). Alth;ugh there is no unanimous agreement as to the
site or mechanism of urethane's blocking action, a number of sugges-
tions have been advanced. Blake and Sawyer (1972) reported that
neither intré;eritoneal nor intravenous urethane altered rat pituitary
responsiveness to exogenous LH-RH appreciably and suggested that its
principal‘action was blockade of endogenous LH-RH release from the
brain. Intraperitoneal administration also decreased the sensitivity
of the ovary to exogenous LH,suggesting an additiona) peripheral

i

blocking action exerted directly on the ovary or its blobd supply.

Lincoln and Kelly (1972) however, found the rat ovary sensitive to

exogenous LH after urethane and proposed that urethane acted by

-\




211

blocking, dela;iﬁg or reducing the ovulatory release of LH.

A potentiating effect of ether anesthesia, on the other hand,
may be a plausible altergétive. Anesthetics are known to produce
changes in peripheral hormone levels. Ether anesthesia elicited in-’
creases in serum gonadotropins (LH, FSH and prolactin) in male
rats (Krulich, Hefco, Illner and Read, 1974; Euker, Metes and Riegle,
1975; Morris and Knigge, 1976). In addition to this effect on gonado-
tropin release, Morris and Knigge (1976) have reported changes in
endogenous levels of hypothalamic and CSF LH-RH in response to ether
anesthesia in rats. |Immediately after ether exposure there was a
signifigant decline in the hypothalamic content of endogenous LH-RH
followed by an increase at 30 min. A coneamitant rise in CSF LH-RH ~
concentration was observed 10 min after ether exposure. The initial
declime in the hypothalamic content of LH-RH may be of particular
significance in the context of our results, since it could indicate
a rapid release of endogenous LH-RH into the portal circulation.

The data presented in Table I1| show that ineffective amounts
of systemically administered synthetic LH-RH do, in'fact, induce
ovulation when injected into the lateral cerebral ventricles of urethane
anesthetized rabbits. The MED‘00 by this route of administration
was only 25% qf the equivalenfly effective dose required systemically.

A comparison of the responses obtained by the two modes of administra-
tion suggests that intraventricular injections may be 4-5 times as

potent as intravenous injections in inducing ovulation. Assuming that
LH-RH is transported from the CSF across the ME directly into the por-

tal vasculature without reaching the peripheral circulation, it would

be reasonable to expect that a smaller effective dose would be required
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intraventricularly than systemically. A greater concentration of LH-RH,
however, would also likely reach the anterior pituitary by-the intra-
ventricular route of administration than by the intravenous route.
Opinion expressed in the literature is divided regarding the relative

effectiveness of these two modes of administration. Ben-Jonathan

t al. (1974) determined that LH-RH administered intraventricularly in

— e

rats was more effective over a prolonged period of time in stimulating

LH‘release than when given intravencusly. Uemura, Asai, Nozaki and
Kobayashi (1975), however, reported that intraventricularly injected
LH-RH induced almost the same amount of discharge of LH and FSH from
the pituitary as that ‘induced by intravenous injection. In contrast,
administration of LH-RH by the intraventricular route to ovariectomizeé
estrogen-progesterone primed rats was shown by Weiner et al. (1971b,
1972) to be less effective than intravenous injections in increasing
serum LH. Similarly Kendall et al. (1971, 1972) were unable to demon-
strate that the intraventricular administration of {kH in rats was
more effective in inducing TSH secretion than was TRH given by the
intravenous route. Furthermore, Gordon et al. (1972) reported thpt
the intraventricular administration of TRH was less effective in stim-
ulating TSH secretion than injection into either the ME or anterior
pituitary. ~ |

Meaningful comparison of the two routes of administration are

" not without unavoidable difficulties. In addition to problems of

assessing relative dilution of the releasing hormones both in plasma
and CSF, the extent of their inactivation in each milieu is also an
important consideration in evaluating the efficacy of these modes of

administration. There is, however, clearly a need for additional

P/
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documentation in this area. Of the small amount of available literature
on the subject ianbation of TRF with plasma has been shown to inacti: )
vate the hormone (Bowers, Schally, Enzmann, Béler and Folkers; }970;
Kendall et al., 1971) whereas preincubation with CSF did not affect its
activity (Kendall et al.,.1971). Crame? a;d Barraclough (1975), how-
ever,ﬁreporged that an LH-RH értfficial CSF mixture allowed to stand

for 4 hours at 24-28°C resulted in biological inactivation of the de-
capeptide but with reduced exposure ;ime (30 min) some biolo;ical “
acgivity was retained. Notwithstanding these difficqlties of inter-
pretation involved in.the comparison of these two routes of administra-
tion, the findings of the present investigation are consistent with

the view that LH-RH introduced into the ventricular system can readily
reach the aﬁterior pituitary gland and is clearly capable of eliciting
the release of its appropriate pituitary hormone(s). What remains to be
determined, bowever, is the route by which this is accomplished (i.e.,
by traversing thé ME directly and thus gaining access to the portal
circulatibn) and wheth;r there may be ependymal mediation in this
transfer across the ME. The latter consideration is addressed in a
subsequent section (Chapter &4.4iv). (

It is apparent that no directevidence has been provided to
indicate that LH-RH traverses the ME by active transport or by passive
diffusion. Some support for this assumption, however, may be found in
several recent studies. Ondo, Mical and Porter (1972) for example
found that substances of large molecular weight such as LH, prolactin
or bovine hemoglobin when injected into the third ventricle were re-
coverable in hypophysial portal blood within 30 minutes but not in the

peripheral arterial bliood thus eliminating the latter as a significant
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source of these substances in stalk blood. LH-RHinjected intraventricu-

larly in rats was detectable in po;tal blood within 10-15 minutes (Ben-.

Jonathan et al., 1974). Alfhough it was-concluded that it could Béu

transported from”tﬁe'CSF_to the hypophyéial portal blood in signif}cant
quantity ghe}e were*also indicat}ons of its slow and proionged entry
into the systemic vasculaiure from the CSF. Results supporting the
view that TRH is likewise able to cross the ME from the CSF into hypo-
physial portal blood' have recently been documented by Oliver, Ben-
Jonathan, Mical and Porter (1;75). They reported that intraventricular
injection of H3-TRH in rats resulted in a peak concentration of the
tripeptide in portal blood within minutes with only a lower level of
activity detectable in arterial blood. Cramer and Barraclough (1975),
on the’other hand, were unable to detect the presence of LH-RH in per-
ipheral plasma following prolongeq ventricular infusion (200 minutes).
The LH-RH which nevertheless reaehed the ;ituitary to elicit an LH
discharge therefore seemingly passed via the ME to the portai capillar-
ies. Despite the compelling, yet somewhat conflicting evidence, fav- ‘
ouring the translocation of active principles from the CSF to the
pituiférx gland via the ME, it is apparent that the possibility that
they may reach ;he peripheral circulation and act secondary to ab-
sorption there cannot be entirely excluded. Our own attempts to deter-
. . )
mine the effective spread éf LH-RH from the ventriculgr site of injec-
tion reinforées‘this conclusion. Direct observation of the distribu-
tion of 15 ul (approximately 1.5x the volume of LH-RH injected) of
marker dye was made at 10 minute; 30 minute, %nd II-IB.S/Abour intervals

following intraventrigular administration. Within 10 minutes after in-

jection, traces of the marker dye were readily and consistently seen in
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™
the lateral ventricle at the level of the injection site, however no
indication of its presence anywhere within‘the opposite [lateral ventri-
cle was ever found. While also found diffusely throughout the third

ventricle including the ventral wall, floor and infundibular stalk,
.

greater concentrations were usually seen within the interventricular
foramen, at the third ventricle-mesencephalic junction and within the
cerebral aqueduct itself. Comparatively little trace of dye was seen
within the fourth ventricle although it was seen within the subarach-
noid space on the lateral and dorsal surfaces of the medﬁ]la where it
appgared to emanate from the paired lateral foramina. By 3Q éinutes,
however, significant quantities of the marker dye had already gained
access to the expansions of the subarachnoid space at the base of the
brain with little trace of its presence remaining anywhere within the

» ,
ventricular system. At subSequent intervals (11-13.5 hours), traces
of the dye were almost entirely confined to the subarachnoid spacé on
the anterior surface of the brain stem, within the adventitia of the
cerebral blood vessels there and radiating for variable distances onto
the lateral convexities of the cerebrum, cerebellum and brainstem: It
may not be entire]y appropriate to analogise the flow of marker dye
wjth LH-RH fnjectéd intraventricularly for several reasons, not the
l;;st of which may be the presumed capacity of the ME to selectively
extract and concentrate solutes such as the latter. Nevertheless the
observations do suggest: 1) that marker dye and possibly synthetic
decap e is rapidly conducted (within 10-30 minutes) from the in-
jection site in the lateral ventricle to thg subarachnoid space, 2) .
thaf such substances may also very rapidly reach, and quite possibly -

traverse, the ME to the portal vasculature, but since the CSF is such

a dynamic fluid and the flow possibly abetted by ciliary action, it is
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likely that such intr;ventricularly-injected substances contact the ME
only briefiy. The indication being that this occurs in l€ss than 10
minutes, and 3) that significant quantities.may aiso reach (He systeéic
circulation via the dura& sinuses and the cerebral circulation directly.
via the subarachnoid space. Capillaries in the subarachnoid spaceﬁ
have been suggested as sites qf CSF reabsorption {Dandy and Blackfan,
1913, 1914). In this context, Ondo and coworkers {1973) have observed
that while LRF pléced in the third ventriéle promptly reached the portal
vascufature by traversing the ME bypassing the general circulation,. LRF
placed in the cisterna magna also stimulated LH release afte; a delay
following injection which was believed to reflect the time necessary
for CSF in the cisterna'magna to enter the subdural sinuses and achieve
ag effective LH-RH concentration in arteria{ blood. It is interestinq
to note that although LH~RH injected intraventricularly was found in
portal blood 10;15 minutes after fnjection; maximal transport occurred
20-60 minutes after introduction into the CSF (Ben-Jonathan et al.,
1974) corresponding with a slow and c;nstant passage of LRF into the
systemic blood. While intraventricular injection of [3H] TRH similarly
resulted in radioactivity in hypophysial portal blood that was detectable
within minuées, peak concentrations occurred.20-30 minutes after in- !
jection during wgich timé however, the concentration of radiocactivity
in arterial blood was negligible (Oliver et al., 1975).‘

At the present time, therefore, it is not possible to state un- _

equivocally that the CSF serves as a vehicle for the delivery of hypo-

physiotropins to the adenohypophysis via the median eminence.
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iii) Morphology of the Ependymal Lining of the Rabbit Third

Ventricle Following Synthetic LH-RH Induced Ovulation

. fhe~ependymal surface of the ventrolatgral wall and floor of
the third‘ventriclé was examined in all conscious rabbits that received
synthetic LH:RH in doses ranging from 100-5950 ng/kg body wt by the
intravenous route of administration. To ensure that ;quivalent areas
of the ventricle were selected from eéch animal for comparison, this
small region of the ventricle was arbitrarily subdivided into three
rostrocaudal levels (a-c) as shown in Plate 57. The region of the ven-
tricle designated (a) in Plate 57 is equivalent to the rostral IR. The
' middle‘one-third of the IR corresponds to the region designated (b)‘
and the area .designated (c) is equivalent to the <caudal one-third of the
IR. In conscioqs rabbits that received ovulatory dosages (200 or 300
ng/kg body wt) of synthetic LH-RH intravenously (Plate 49a-c, 50a-c),
the ependymal surface of their respective infundibular recesses did not
di ffer significantly in morphology from one another ;t the time of ovu-
lation. They were likewise indistinguishable from equivalent regions
of the ventricle in animals that had received either LH-RH or saline
bﬁt failed to ovulate (Plate 49d-f). .Dose related changes in morphology
weré_not evident even with reiatively large amounts of LH-RH (8x or 20x
the minimum effective dosage) similarl; administered (Platr 50d-f).

Essentially the same results were obtained in urethane anesthe-

tized rabbits that receivea‘LH-RH by the intravenous and intraventticu-
lar }outes of adhinistration. Significant dose related differences:in
morphology ;ere not evident either within (Plate 51, 52) or between
treatment groups (Plates h9-50 vs 51 vs 52).

Unlike the cyclic changes in ependymal morphology observed during
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di fferent stages of the rat (Brawer et al., 1974) skunk (Hagadoomrn,
1965) and monkey (Anand Kumar, 1968a, b; Knowles and Anand Kumar,
1969) sexual cycles, the character of the ependymal surface of the IR
- in the rabbit did not change with the treatments used in this investi-
gation. This suggests an absence of ependymal cell responsiveness in
a reflex ovulator such as the rabbit to the changing levels of circu-

lating gonadotropins and gonadal stercids occasioned by LH-RH induced

ovulation,

iv) Morphology of the Ependymal Lining of the Rabbit Third Ventricle

Immediately Following Intraventricular Administration of

Synthetic LH-RH

~

~In control rabbits, 5 or 15 minutes after intraventricularinjec-
tion ;f ld;ul of 0.15M NaCl alone, the ependymal surface of the lateral
wall and;fléor of the infundibular and mammillary recesses appeared as
‘it does normally in untreated animals (Chapter 4.2). The ependymal sur-
face of the ;écesses ;as irregularly contoured and typically non-
ciliated except far the occagional.solitafy ciliun. The apices of most
ependymal ce!}s bulged conspicuously info the ventricular lumen, their
lateral ;ordérs demarcated by deep furrows (Plate 53b-d). Also found,
however, were flattened and m!re smoothly contoured areas in which cellu-
lar outlines were less distinct (Plate 53a). Individual ependymal cells
differed considerably in their surface morphology. Numerous.knob- or
bleb-1ike protrusions extended from the apical surface of mosg cells
(Plate 53b-d; 57a). Although variations In the size (0.2-1.4 um diam.),-
shape, distribution and frequency of these profiles were noted, they

were nevertheless the most common type of surface specialization en-

countered. Some cells, however, often within the same field, exhibited

LY > ‘
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a smooth structureless surface which was largely devoid of specializa-
tions while the lumipal surface Qf other cells projected only a felt-
work of microvilli (Plate 53b, c) or some combination of all of the
above. ~

Iin marked contrast, 5 minute; following intraventri;u]ar admin-
istrétion\of LH-RH (200 né}kg body wt) the epén@ymal surface of the
ventrolateral wall and floor of tHe ventricle changes ;ignificantly in
a manner.suggestive of increased surface activity. The myriad of sur-
_face profiles encountered in controls (Plate 53a-d; 57a) were largely

supplanted by numerous microvilli which now pervaded the area, extending

throughout the rostrocaudal extent of the IR and also into the MR

, /
(Plate 54, 55, 57b). Cylindrical procesges (0.07-0.12 um in diam.) of

irreqular length extended from the surface of most ependymal cells
(Plate 54, 55, 57b) and represented the dominant type'of specialization.
As a consequence, ependymal celis that were either devoid of surface
specialization or that exhibited only knob- or bleb-1like surface pro-
files were far less conspicuous. Such was the case in all animals that

-

recdfved the same treatment.-

Examination of'the same regions of the ventricle in animals
sacrificed 15 minutes after intraventricular administration of the same
dose of LH-RH, revealed that the villiform eruptions of the ependymal
surface which were prominent 5 minutes after injection, were no longer
evident (Plate 56, 57c). fhe ependyma now exhibited morphological fea-
tures which were similar to and as diverse as those found in saline
controls.

Prior to this study, morphological changes in ependymal cells

induced by intraventricularly administered LH-RH had not been reported.
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Scott et al. (1974) described alterations af the ependymal surface in
the rat IR 10 minutes following the ventricul;r infus;on of dopamine.
Schechter and Weiner (1972) have similarly reported changes within cir-
cumscribed regions of the ependymal surface/of the rat third ventricle
five minutes but not at 15 minutes after intraventricular administration
of epinephrine and dopamine in amounts known to stimulate the secretion
of releasing factors. Although the time at which morphological changes
were observed following injection is comggrable to that of the present
study the nature of the changes, however, are not. We have been unable

to confirm, for example, the eruption of increased numbers of bleb-like

protrusions observed by these investigators on the ependymal surface

-~

. .,

and Weiner (1972) believed this response to most likely represent a

of the floor of the ventricle five minutes after injection. Schechter
. L

secretory process in wﬁich fragments of ependymal cell cytoplasm were
discharged into the CSF. The nature of the surface modifications ob-
served in the present investigation,"however, suggests that they rep-
resent transient differentiations which may signi’ increased absorptive
activity and thus are thought to be more consistent functionaelly with
absorption across the ependymal-CSF interface. Furthermore, the'sﬁrface
modifications noted by Schechter and Weiner (1972) in responsé to ‘intra-
ventriculgf administration of catecholamines were found to be restricted
to the ependymal surface of the floor of the ventricle Qn}y; a region in
-which the ependymal surface was described, in control animals, as
largely smooth surfaced with only infrequent surface eruptions. In

areas characterized by a rather more complex surface morphology (i.e.,

1 4
the lateral recess and adjacent ventricular wall) marked changes in the

ependymal surface were not observed. Our data, in contrast, indicates
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a general or uniform responsiveness to LH-RH encompassing the ventro-
lateral wall and floor of the ventricle throughout its rostrocaudal

~

extent. '

At the present t}me, we do not have sufficient information to
justify any definitive cdhéiusions regarding the functional signifi-
cance of the microvillus erupti;;s of the ependymal surface. It is
worth noting, nevertheless, that lﬁe morphological changes observed in
this investigation occurred at a tjmé which corresponds closely to
reported times at which similarly admini;tered hypophysiotropins are
detectable in the ME or effluent stalk blood (Weiner et al., 1972;
Ben-Jonathan et al., 1974). The time course of TRH upgake by normal or
cultured ME in vitro was found by Knigge (1973) go bé‘both'rapid and

biphasic. Phase one equilibrium is reached within 10 ﬁinqtes and phase

il within 50-90 minutes. Similar results were obtained by Vaala and

Knigge (1974) for the uptake of LH-RH by ME in vitro. More recently
Kobayashi (1975) and Uemura et al. (1975) have demonstrated the pré-
sence of LH-RH within ependymal perikarya andbtheir processes in the
ME of the rat immediately following extended imfusion into the third
ventricle. Considered against this background of information, the
transient eruption of microvilli revealed in our study is morphologic-
ally compatible with the suggestion that ependymal components of the
ME may absorb LH-RH from the ventricular fluid, transporting }t for
rélease into the hypophysial-portal vasculature.

Several inves#ators have reported the selective concentration’
of a variety of compounds in the ME or in the ependymal cells of the
ME: HRP injected into the ventricle or subarachnoid space (Kobayashi

et al., 1972; Kobayashi, 1972; Léranth and Schiebler, 1974), corticotro-
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phin, «¢thyroxine and corticosterone intraventricularly administered

(Kendall et al., 1972), TRH (Kendall et al., 1972; Joseph et al., 1973;
v

Knigge et al., 1974), endogenous neurophysins (Robinson and Zimme rman,

1973}, intravascularly administered thyroxine and triiodothyronine

(Stumpf, 1973 cited in Brawer et al., 1974) and estradlC] intramuscu-

larly injected (Anand Kumar hnd Knowles, 1967; Anand Kumar and Thomas,

1968). It would appear unlikely therefore that any specificity exists

~with regard to the selective absorption and/or transport of LH-RH from

the CSF. It seems rather more plausible that these cells may be found
to have a non-specific affinity for, or responsiveness to, any sub-
stances that gain access to the ventricular fluid. The bossibility
therefore that the ependymal lining of the IR may be reshaped transi-
ently in accordance with the introduction of a variety of non-specific

agents in the CSF is a consideration that cannot be readily excluded.
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5. SUMMARY AND CONCLUSIONS

In this study, regional differences in the morphology of
the ependymal lining of the cerebral ventr{cles of normal female
white New Zealand rabbits were Systematically investigated with
the light microscope. Attention was focussed primarily on the
third ventricle and on the distribution and structural character-
istics of tanycyte ependymal cells in particular. A total of 12
animals was used. Serial paraffin sections were cut from the brains
of six of these rabbits and stained with chrome alum hematoxylin
phloxine. An equal number of brains were prepared using the
tungstate modification of Golgi-Cox method, celloidin embedded and
sectioned serially. The results obtained from this study are
summarized as follows:

.

1) The walls of the lateral and third ventricles are lined .
for the most part by a single continuous layer of ciliated cuboidal
cells. This observation is in agreement with descriptions provided
of ependyma in this location in a number of other species.
2) In Golgi-Cox preparatiéﬁs it was possible to identify
two different forms (Types | and 11) of ciliated cuboidal cells
based on'the structure of their basal or abluminal surface. Because
of the capricigusness‘of the staining method we cannot be certain
that perhaps all such ciliated-cuboidal cells have basal processes.
3) Tanycyte ependymal cells were rare in the lateral

ventricles, but represented the main cell type on the ventrolateral

241



wall and floor of the third ventricle.

b) Tanycytes occurred sporadically amid the ciliated
cuboidal ependymal cells of the lateral walls of the supraoptic recess
of the third ventricle.

5) Tanycyte processes project into the subjacent neu(opil for
variable distances and commonly terminate either on vessel walls i&“
association with neurons or glial cells or indeterminately.

6) Although dissimilarities among tanycytes were found, they
could not be related ragionally to any particular hypothalamic loca-
tion nor could they be subclassified. These observations agree with
those of Bleier (1971, 1972) but they fail to comply with those of
either Millhouse (1971, 1975) or Sharp (1972).

7) Gomori-positive material was not observed in typical mural
ependymal cells or tanycyte ependymal cells or their processes, in
contrast to previous reports of selective and non-selective gomori-
positive staining of ependyma.

8) With transmission electron microscopy, the ciliated
cuboidal ependymal cells and the tanycytes can be distinguished
as two fundamentally distinct types of cells lining the ventricles.

9) In the dorsolateral wall of the third ventricle, the
ependymal cells were separated from the underlying neuropil by a
zone of glial cells and‘pro?;sses. The basal cytoplasmic processes
of cuboidal cells themselves were closely interwoven with the glial
cell processes in this zone.

‘ 10) Tanycytes of the ventrolateral wall and floor of the

third ventricle by contrast rest directly upon the underlying

neuropil. Here the subependymal glial zone is lacking.




~ 1]

11) Like those of the rat third ventricle (Millhouse, 1972)

tanycytes in the rabbit do not exhibit the cytologicél features

of active secretory cells.

12) The relationship of tanycyte terminal processes to blood
vessels along the ventrolateral wall and floor of the third ventricle ’
is very much like that of perivascular astrocytes elsewhere along
the ventricle. In-view of this similarity énd relative\paucity

of sdbependymal‘astroglia in this region it is suggested that tany-

cytes may merely assume the role of astrocytes in this regidn of

the ventricle.

o

The surface characteristics of ependymal cells lining the
, " cerebral ventricles of 12 rabbits, 6 rats, 6 mice, one rat kangaroo
and 12 humans were'examined with the scanning electron mic?oscope.
Attention was focussed on the third ventricle although for comparative

purposes some samples of selected regions of the lateral ventricles -
were examined as well. The results of this investigation are summarized

- " ‘L
as follows: ‘ ’ .

-

1) With minor interspecies differences the ependyma of the - LT
I .
third ventricle exhibits a consistent pattern of regional variation

in surface morphology. o

2) On the basis of this variation,. the third ventricle can
ES b} .
be divided into three distinct regions: dorsolateral wall, transitional

v

zone and ventrolateral wall and floor {infundibular and mammillank -

recesses). , o ”

3) The largest expanse of the ygntricular surface, the dorso-

f

: . ‘ “
M R N i nadia
s
2

<

lateral wall (or upper two-thirds) of the third ventricle is distinguished -

by the presence of a_homogenous population of densely:ciliated cells,
. ,




- 4) The lumiﬁal surface of ependymal cells forming the
ventrolateral wall and floor (or lower one-third) of the third
ventricle is distinct in appearance from adjacent ventricular surfaces
and is characteristically noﬁ-ciliated.

’ 5) The transitional zone which is interposed betweeé the
ciliated dorsolat%ral wail and the non-ciliated ventrolateral wall

of ghe third ventricle exhibits surface features common to both regions
as one is gradually transformed into thé other.

6) The region of the ventrolateral wall a;d floor of the third
ventricle with its unique topography and apical membrane specializations
corresponds to the region of greatest tanycyte concentration as deter-
mined in a previous study. ‘

7> This regional variation in the structural organization of
the ependymal surfacé is consistent’wiiﬁ the view that morphologically
different regions may possess different functional capacities. We
are unable however to shed any new light.on what these might be.

A number of previous in;estigators have reported changes in
ependymal morphology in response to castration. In this investigation

the third ventricles of 18 ovariectomized rabbits were studied with

the SEM at various post-operative intervals. Laparotomized rabbits
(N =,8) served as controls. The results were as follows:

1) No signifiggg; changes in ependymal morphology were

found that could be directly.ascribed to cqstration at any of the time"

>

»}perjods studied. In this respect this study agreés with similar
findings by Brawer (1971) and by Sharp (1972). i
2) The morphological éhanges in epéndyma that have been

reported {n'gﬁe literature in response to castration appear to,

—TN




fall within the boundaries of normal variation in morphology :

commonly observed within the ventrolateral walls and floor of the third
Yentricle. The sampling needed for TEM may either miss or over-
emphasize the significance of variation in a given area.’

The efficac; of synthetic LH-RH in inducing ovulation in
the rabbit was determined for intraventricultar and intraveﬁous
administration and compared. Thirteen conscious rabbits were given,
LH-RH in doses ranging from 0.1 to 6.0 pg/kg body weigh£ as a.single
injection in the marginal ear vein., Twenty-two urethane anesthetized
rabbits ‘received doses of LH-RH from 0.016 to 3.0 pg/kg body weight
by the same route of administration. Nine urethane anesthetized
rabbits received LH-RH in doses from 0.05 to 0.4 pg/kg by injection
into the lateral cerebral ventricle. Identically treé%ed controls
(N = 9) received vehicle (0.15 M NaCl) only. The results were as

follows:

»
L]

"1) In conscious rabbits the dg?e of LH-RH necessary to

induce, ovulation in 100% of the animals when given }ntravenously was

300 n;/kg body weight. Two-thirds of this dose (500 ng/kg) was |

effective in 60% of the animals.So injected. Similar values have

beén reported by Amoss et al. (1972) and Kanematsu et al. (1974)

in rabbits of the same strain.
2) Our findings failed to verify a significant increase

in the number‘of ova released with increasing doses of LH-RH as

reported by Amoss et al. (1972). '
3)’The minimum effective dose of LH-RH which was required

to induce ovulation in 100% of urethane anesthetized animals when

administered intravenouslyiwas 400 ng/kg body weight. This was

f “5!.‘7‘
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one-third larger than the equivalent dose required in unanesthetized .

[

but otherwise identically treated rabbits.

" 4) Ovulation was neither delayed nor blocked by urethane

anesthesia. ’ .
5) The minimum effective dose of LH~RH required to inbuce
ovulation in 100% of animals when given intraVentricular1§'wgé

100 ng/kg body weight. The intraventricular route may be as much

A

as b-5 times more effective than the intravenous route in this
regard. The possible reasons for this are discussed. The evidence
nevertheless indicates that LH-RH introduced into the ventficudar

system is ¢learly capable of eliciting the release of its appropriate >

pituitary hormones. -

[

6) Observation of the movement of marker dye following

.

\intraventriéular injecfion suggests that although substances given
intraventricularly cohtact\the ME and may reach the portal vasculature
by traversing the ME? significant qu;ntities may also reach the
sy;temic circulqt?on via the dura! sinuses and the cerebral arterial

.

circulation via the, subarachnoid space.

-

7) Administration of vehicle alone in‘cqnscious ap& in
ureghane anesthetized rabbifs by either intravenous br intra-
¢ ventricular routes was without effect. ‘ '
Elec%ron microscop;c examination of the ventrolateral wall
and floor’pf the thitd ventricle in both conscious and anesthet ized
rabbits which received %g-RH by leither thg intravenous or intra-
ventricular routes of administration revealed-that:

" 1) The ependymal, surface of the IR of conscious and anesthe-

' tized rabbits that ovulated in response to LH-RH did not differ




significantly in morphology one from the other at the time of
ovulation (13-16 hours after injéction). .
2) The morphology of the IR in those animals that ovulated

was indistinguishable from that of the same region of the ventricle

in identically treated rabbits that received either LH-RH or saline

. ¥

but failed to ovulate.

a

N

" whether the LH-RH was given intravenously or intraventricularly. .

4) qérpho!ogiEaI changes were not observed on the ependymal.

starface of the IR that codld be correlated with ovulation in the

rabbit. J )

.

A}

To deterh}ne ependymal responsiveness to LH-RH, 12 female

rabbits were used. A dose of LH-RH (200 ng/kg body weigﬁt) which

.

was equal.to twice the predetermined minimum effective ovulatory

v 1

dose was given iniraventricu]arly to 6 anesthetized rabbits. These
animals were sacrificed'5 or 15 minutes after injection. An equal

number of controls received the 0.15 M NaCl only and were sacrificed

EN
‘

at the same time intervals. The results were as follows:

1) Pronounced changes in morphology of the ependymal surface
of the ventrolateral wall and floor of the third ventricle were

observed in rabbits that were sacrificed 5 minutes after injection

(3
) - ™

of LH-RH.

-

2) The changes took the form of microvillouseruptions on

-

. the luminal surface of the ependymal cells.

3) Similar changes were not observed at 15 minutes after

LH-RH injection‘or in controls which rqceivgg)isotonic saline only.

4) The nature of the changes suggested that they -are transient

° a

3) Essentially the same results ‘were obtained regardless of -
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modifications of the surface which may signify an increased
absorptive activity.

5) These observations provide some morphological basis
for the hypothesis that ependymal components of the ventrolateral
wall and floor of the third ventricle are implicated in the uptake
and possibly the transfer of LH-RH to the portal vasculagdre.

These observations howevey do not as yet allow definitive con-

clusions to be drawn regarding functional sigdificance. .
14

<
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aspects of apical ependymal secretion were investigated by Rodriguez
(1970a) in the toad SCO. Although ependymal cells were found to
contain numerous electron-dense (200-400 nm) and pale (130-266 nm)
granules concentrated in the apical and perinuclear ;egions, no
evidence supporting either apocrine secretion or exocytosis was

found. The author did feel, however, that the presence of two types
of secretory g:anules indicated that the SCO may alsc be involved in
secretion Into the ventricle of some additional principle unrelated to
Reissner's fibre. The presence of numerous m}crovi[}i projecting from
the ependymal surface into the ventricle, and the large number of "
vesicles in the supranuclear cytoplasm indicated that the SCO may also
have an absorptive function.

Despite numerous studies of this region of the ependyma, its
functional signifitaﬁze s still largely unknown. Sargent (1900)
maintained that the SCO and Reissner's fibre constituted a neural
mechanism for the transmission of optic folexes from the spinal cord
to the optictectum and vice versa, Some evidence has been advanced
to sudgest that the SCO may secrete aldosterone and serve as a
volume receptor (Gilbert and Glaser, 1961). A role for the SCO in
waterjelectrolytg metabolism is supported by the reduction In water
intake and intense dehydration that has been demonstrated to ensue in
the rat following electolytic coagulation of the SCO (Gilbert, 1956).
His hypothesis‘was that the SCO ‘secretes a hormone in response to
osmotlc pressure changes in the blood or CSF which acts on neural end
organs to alter water consumption and accordingly the fluid cohposi;ion

of the body.
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cat SCO examined with the scanning electron microscope, which they
believed to represent a secretory product released by these cells

into the CSF. Non-fene;trated capillaries are distinguished within
the subependymal neuropil of the SCO. They are SurrounQed by al
distinctiv? perivascular space enclosed by a vascular and parenchymal
basement membrane (Schmidt and O‘Agostln;, 1966; Weind! and Joynt,
1972b; Hollgﬁrd, 1972). Basal processes of SCO ependymal cells
terminate in a cuff around the ex&e:nﬁf,perivascular basement membrane
of these subependymal capillérles. Some ependymal processes have also
been reported to terminate on basement membrane lined cavities thought
to be extensions of ‘the perivascular space of these capillaries
(Rodriguez, 1970a, b). Unlike elther the organum vasculosum of the
lamina terminalis or the area postrema, a blood-brain barrier was
found to be prese@%tn the SCO (Grntoft, 1954; Weindl and Joynt,
1971, 1972b). Thzdiermeabllity p;dbertles of the capillaries of the
SCO ?Bllowing’elther lntravenogﬁ}!@}iqtravepfrlcular injection of
horseradish peroxidase were fodnd‘to be tﬁe same as those of typlcél
brain caplllaries (Weind! and Joynt, 1971, 1972b) _

A secretory function for the modified ependymal component
of the SCO has been proposed by @an? investigators. Histochemical
studies have demonstrated the presence of secretory granules within
the ependymal cells—of this organ that stain seiectlvely with PAS and
CAHP metgods (St;t{psky, 1950; Wislockl and Leduc, 1952; Bargmann and
Schiebler, 1952). The 'ependymosecretion' is coﬁsfdered to be a
mué&}olysaccharldeprotein complex (Telchmann, 1967). There is some

a

suggestion, however, that the SCO may produce more than one type of

A




secretory product, Three different Gomori-positive stainabje granules
were distinguished within the guinea pig SCO (Teichmann, 1967; Vigh,
Rohlich, Teichmann and Aros, 1967a). Two types of granuf:s, identified
ds a protein containing a small amount of polysaccharide and a protein
bound mucopolysaccharide with possibly a lipid component, were local- .
ized'witﬁin the cytoplasm of the ependymal cells and were believed to
represent two different 'ependymosec}efory‘ substances. The third
variety of granule (a glycolipoprotein) was localized in the hypendymal
glial celds-of the organ and believed to be phagocytosed 'ependymo-
secretionl or developing lipofuscin. In the rabbit SCO, electron-
dense secrétory material was concentrated in the perinuclear and basal
portions of the ependymal cells, and their basal cytoplasmic processes
abutting on capillaries contained a second morphologically distinct
variety of secretory granules (Schmidt and D'Agostino, 1966). Although
this suggested that two secretory products may be elaborated, morpho-
logical "evidence was presented only for basal secretioé into the
extracellular space, supporting an endocrine function for the SCO of
the rabbi&. The fate of the secretory material o? the SCO is still a
source of contrdverzy. The localization of secretory materlal_wi?hln
the basal part of the ependymal cells and within their basal processes
argues in favor of release into the vasculature and/or subarachnoid
space (Rodriguez,'1970b). "Alternatively, the preferential apical

locallzation of secretory material within épepdymél cells is inter-

preted as evidence for. its secretion into the CSF where 1t Is assumed

to form Relssner's fibre, although there is not unequivocal evidence
, A S oon
‘that 1t is in fact a secretory produtt of the SCO. Ultrastructural
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aspects of apical ependymal secretion were investigated by Rodriggez
(1970a) in the toad SCO. Although ependymal cells were found to
contain numerous electron-dense (200-400 nm) and pale (130-266 nm})
granules concentrated in the apical and perinuclear ;egions, no
evidence supporting either apocrine secretion or exocytosis was

found. The author did feel, however, that the presence of two types
of secretory granules indicated that the SCO may also be involved in
secretion Into the ventricle of some additional principle unrelated to
Reissner's fibre. The presence of numerous mjcrovi[ji projecting from
the ependymal surface into the ventricle, and the large number of ‘r
vesicles in the suprangclear cytoplasm Indicatéa that the SCO may also
have an absorptiQe function.

Despite numerous studies of this region of the ependyma, its
functional signifitaﬂze is still largely unknown. Sargent (1900)
maintained that the SCO and Reissner's fibre constituted a neural
mechanism for the transmission of optic folexes from the spinal cord
to the optictectum and vice versa, Some evidence has been advanced
to suggest that the SCO may secrete aldosteréne and serve as a
volume receptor (Gilbert and Glaser, 1961). A role for the SCO in
water-electrolyte metabolism is supported by the reduction in water
intake and intense dehydration that, has been demonstrated to ensue in
the rat following electolytic coagulation of the SCO (Gilbert, 1956).
His hypothesisawas that the SCO ‘secretes a hormone in response to
osmotic pressure changes in the blood or CSF which acts on neural end
organs to alter water consumptlion and accordingly the fluid cohposiyion

of the body.
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The presence of sulphur rich protein has been noted in the
ependyma of the SCO (Talanti, 1958) and is also believed to be a part
of the secretory product of the organ as well (Talanti, 1971). Incor-
poration of 35S-Iabelled cysteine in the ependyma of the SCO has been
reported (Sloper, Arnott and King, 1960; Sterba, Ermisch, Freyer and
. Hartmann, 1967; Leatherland and Dodd, 1968). A change in thyréié“

f ‘ function in rats treated with thiouracil or excess thyroxine is
accompanied by a change in the incorporation of 35S-labeHed cysteine
i in the SCO (Talant! and Pasanen, 1968). Following thyroidectomy,

35

: intense incorporation of both “~“S-labelled cysteine and methionine
occurs in the ependyma of the rat SCO (Talanti, 1971). Enzyme histo-
chemical investigations of the SCO indicate the presence oflglyco-
proteins and abundant glycogen in the ependyma ana the hypendyma
(Shimizu, 1955; Mollgard, 1972). ' The surface coat covering the epen-
dyma was considered to be a sialic acid containing glycoprotein
(Mp11g8rd, 1972) similar to that found in Reissner's fibre (Sterba and
wolf, 1969). The‘presence of non-specific esterase, acid and alkaline

‘phosphatase enzymes and their suspected association with secretiom
gréhule formation and active transport across cell membranes suggested
that the activity of the human fetal SCO is related to an exchange of
neurohormones from the SCO to the blood in addition to an absorptive

and secretory function carried out between the CSF and the SCO

(Mg 1g8rd, 1972).

ii) Organum Vasculosum of the Lamina Terminalis

Another area of specialized ependyma, the organum vasculosum

of the lamina terminalis (OVLT), is found at the rostral end of the
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third ventricle in the mid-sagittal plaﬁe between the anterior
commissure and the optic chiasma. The OVLT (also referred to as the
supraoptic crest or the medial vascular prechiasmatic gland) is a thin

richly vascularized septum situated between the prechiasmatic cistern

|
F’
3
'

and the preoptic recess of the third ventricle. Although all circum-
ventricular organs (CVO) are generally well vascularized, a unique
angioarchitecgonic pattern of vascularizatiom, as in the median ’
eminence, is distinguished in the OVLT (Weindl,'l965; Weindl and Joynt,
1972a) . Loops“of‘its external capillary network are c]ose&y related
to the subarachnoid space and the internal (subependymal) capillary
network are separated from the ventricular CSF only Qy the layer of
ependymal cells and their processes. Duvernoy, Koritké and Monnier
(1969) Identified’an arterial portal system in the human OVLT.
However, significant data supporting either a po}tal relationship or
anastomoses with the vessels o% the adenohypohpysis has not #et been
provided.

The capillaries of the OVLT have the saﬁe fine structural
features as those of the mediaﬁ'eminence, neural lobe, pineal gland
and area postrema (Weind! and Joynt, 1972a). They were found to have
fenest:ated endothelium surrounded by wide perlvascular spaces
. -4 (Weindl, Schwink and Vetzs;eln, 1967; Weindl and Joynt, 1972a). The

permeability properties of the capillaries. of ghe CVO have recently

been reviewed by !ﬁlndl and Joynt (1972a). Following Intravenous
injection of HRP,’reaction product was found in the area postrema,

ME and OVLT but not In typical brain tissue (Weindl et. al., 1967; /1

Weindl, 1969; Weindl and Joynt, 1972a, b). In contrast, when peroxi-

dase or labelled amino aclds of much sma]lerlmolecular weight are




injected intraventricularly, penetration of the OVLT like the ME

does not occur, however, they readily enter the neuropil underlying
neighbouring ciliated ependyma (Weindl and Joynt, 1969, 1972a, b).

Usui (1968) reported the presence of both zonula occludens and

adherens near the apices:af adjacent ependymal cefls in the rat OVLT.
However, unlike ependyma elsewhere in the rat brain (Brightman and
Palay, 1963), zonula occluhens were frequently encountered as the
first luminal junction in the OVLT. ’

Recent SEM investigations of the OVLT in a variety of species
reveal that the pleomorphic ependymal cells of the organ, unlike
major portions of the ventricular wall, are generally noﬁ-ciliated.
Small irregular protrusions of the plasmalemma, however, commonly
project from the ependymal surface. Supraependymally lying cells
with branching processes closely resembling small neurons were also
occasionally evidenf (Weind! and Joynt, 1972a, b; Scott et al.,

1973, 1974b). In the rat,.two distinct types of eéendymal protrusions,
a fin-like thin fold of the apical cytoplasp akin to a marginal fold
and a bulbous protrusion of irregular size and shape presumed to be
a transient formation indicative of increased surface activity, were
distinguished on the surface of these cells (Usui, 1968). The close

,
association of vesicles and pits or caveolae with these structures’
and with the apical cytoplasm was inierpreted by this investigator
as indicative of a potential absorptive function for this organ.
Weind! and Joynt (1972a) however, reported that a homogenous granular
material is discharged from the apical surface of certain ependymal
cells of the rabbit OVLT infé the ventricular fluid. *

Ultrastructural investigations of the OVLT have also
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revealed that a number of ependymal cells have single stout basal
processes which extend to the peripheral basal lamina of the perivas-
cular space and/or p{a mater. A predominence of these tanycyte
endfeet have been observed over terminals of neurosecretory processes
within the OVLT—a relationship of unknown significance (Weindl and
Joynt, 1972a). A variety of dense core vesicles are commonly observed
in the perikarya and axon terminals of neurons within the parenchyma
of the OVLT (Weindl et. al., 1967; Rohlich and Wenger, 1969; Weindl
and Joynt, 1972a). The contents of these DCV, presumed to be neuro-

-

secretory material or humoral controlling factors, are thought to be

released into the capillaries of the organ as in the ME. Since only

] a moderate number of neurosecretory cells could be found in the OVLT,
é of the cat and monkey, Weindl (1969) and Weindl and Joynt (1972a, b)
—

favored a hemoneural transport and a central receptive function for

the organ. Similar unmyelinated nerve endings containing DCV abutting

on pericapillary spaces were des?ribed in the rat medial vascular
prechiasmatic gland (Le Beux, 1972), however, their content was
presumed to be monoamines althaugh the possibility that they contained
peptide hormones wasn't ruled out. A few of these processes were
found to course between ependymal cells enlarging in bulb or knob-1like
endings in the preoptic recess of the ventricle. Whethér these free
endings function as receptors, reacting to changes in CSF composition
or whether they actively secrete into the ventricle in a hemostatic

" or endocrine capacity Is uncertain. ‘

A similar though presumably unrelated area of catecholamine {

containing neurons in contact with the CSF has been distinguished in

/

s
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the roof and walls.of the preoptic recess of amphibians (Vigh-
Teichmann, 1968; Vigh-Teichmann, Vigh and Aros, 1969a; Vigh-Teichﬁann,
#%% Rohlich and Vigh, 1969b; McKenna and Rosenbluth, 1971). Althoﬁg; }t
has been designatéd the 'organon recessus preopticus' (periventricular.
organ), it likely corresponds to the subependymal periventricular
component of the preoptic nucleus (McKenna and Rosenbluth, 1971;
Knowles, 1972). .
| Secretory characteristics of specialized ependymal cells in

¢
the medial basal supraoptic and/or prechiasmatic recess of the rat

and mouse have also been described (Lévéque,'Stutinsky, Porte and
Stoeckel, «1967). The ependymal cells of this region, like those

of a similar régioq distinguished in the IR, contain PAS-po:itive
material unrelated to CAHP and aldehyde fuchsin-positive neurosecretory
material (Lévéque and Hofkin, 1961, 1962). Their distinctive mor-
phology, their arrangement in a discrete area and their association
with a fenestrated vasculature was suggestive of a glandular for-
mation with synthetic activity for which the authors te;tatively
proposed the name 'medial prechiasmatic gland'. Although the '
ependymal cells of the zone are reported to be associated with the
capillary netw9rk of the OVLT, it appears th;t a structure distinct
‘%rom, though possibly related to, the OVLT may be iptended. Recently;
cytological changes in the ependymal cells of this zone have béen

examined in the rat under conditions in which the secretory activity

of LH was either enhanced or inhibited (Lévéqug, 1972). The results

indicate that in the androgen sterilized rat, the quantity of PAS

stainable substance accumulated during the first 15-20 days of age is

)
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much‘%reater than in controls. The peak at;ainéd at the 20th day is
followed by a precipitous drop in quantity of substance until puberty
unlike the plateau established in controls. In light of these results,
it was suggested that ependymal cells of the medial basal preoptic
'+ area may be responsible for synthesis of LH-RHa. Weindl and Joynt |
(1972a) have indicated that the location of the OVLT in the medial pre~
optic area, a region generally associated with releasing hormone syn-
thesis and release from the ME suggests a functional interaction with
the ME:

LH-RH has been found in significant quantity in the OVLT
using immunocytochemical techniques (Zimmerman et al., 1974; Barry

—

et al., 1974) aithough the cellular elements containing LH-RH within
_Athe OVLT are unknown. Kizer, Palkov%ts and Brownstein (1976) confirmed
that the OVLT from the rat brain contained significant quantit}es of
LH-RH. The concentration of LH-RH in the OVLT was 58% of that found in
the ME. 1n addition TRH was found in thg OVLT and LH-RH and TRH were
fohnd‘in fhé SFO, AP and SCO suggesting that releasing factors may be
present in the CV0O as a general phenomenon. No-change in the levels of
LH-RH was found in the OVLT of either male or female rats following

surgical isolation of the hypothalamus (Brownstein, Palkovit s and

Kizer, 1975). Thus LH-RH in the OVLT likely does .not originate from

axons arising from cell bodies elsewhere in the hypothalamus. Palkovits,

Brownstein, Arfmura, Sato, Schally and Kizer (1976) have recently re-
ported that all CVO in the rat had measurable amounts of somatostatin.
The highest amounts were }ound in the OVLT and the lowest were found in
the SFO although concentrations were only 1/4-1/5 of the concentration
measured in the arcuate nucleus. The possible significance of this

{ y
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however, was not given.

iii) Paraventricular Organ

The specialized ependymal region referred to as the ''paraven-

tricular q?QShg,(on) by Roussy and Mosinger (1938) was first described

as a glandular ependymal organ situated bilaterally in the lateral j
/
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wallsg”of the third cerebral ventricle of fish, reptiles, birds and some

mammals (Ariens Kappers, Huber and Crosby, 1920/21). It was distin-
guished morphologically by, the presence of elongated non-ciliated epen-
dymal cells, a richly vascularized subependymal region and the presence
of an albuminous substance believed to be of ependymal origin within
the ventricle overlying the organ. |Its presence along the upper margin
of the IR has subsequently been demonstrated in a variety of vertebrate
species (Charlton, 1925, 1928; Legait and Legait, 1956; Fleischhauver,
1957). However, its precise boundaries and its vascularization vary.
Although the function of the PVO is unknown, on the basis of its mor-
phology, a secretory function has been suggested. In recent studies,
the PVO has been variously designated as the organon vasculosum hypo-‘
thalami (Fleéfschhauer, 1957; BraaZf’T968; Braak and Hehn, 1969) and

"area vasculosum ependymalis hypothalami'' (Hofer, 1958). In a compara-

tive study of the PVO in 18 different vertebrates from fish to mammals

Vigh, Aros, Zarand, Tork and Wenger (1962) revealed that although some-

what variable in structure, it characteristically consisted of an epen-

dymal and hypendyﬁal portion. The ependymal component consisted of a
v
radial arrangement of myltiple rows of e'longated ciliated cells with
basally situated nuclei. The hypendymal component was comprised of the
I3

basal processes of the ependymal cells, glial cells ard numerous capili-

laries. Gomori-positive granules within the ependyma and an albuminous
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Gomori-negetive coaguiate in the ventricle overlying the PVO were a

consistent finding in each species examined. The guthors inferred

from thesibfbservations that the épendzmal cells produced two types

of secretion (''ependymosecretion') which in all probability were dis-
charged {nto the ventricle. In amphibians some neurosecretory neuronal
processes of the preoptic hypothalamic nucleus extend to the lumen of
the third ventricle within the paraventricular organ (Vigh, 1967).
Dehydration of jthese amphibia was followed by an increase in Gomori-
positive material elaborated by these neurosecretory fibres in the PVQ

“and in the. ventricular iumen. Although dendrites of preoptic neuro-

secretory cells containing elementary granules and which extend through
the ependyma into the third ventricle have similarly been described in

; Zoarces viviparous L. (Uetan, 1967), Hyla regilla (Smoller, 1965) and

Rana temporaria (Dierickx, 1962), no anatomical relationship with the

PVO, however, was indicated. A group of neurons referred to as the
"nucleus organi paraventricularis,' distinct from either the ependymal
or neurosecretory neurcnal components of the PVO, have also been dis-
tinguished~(Vigh, 1967; Vigh, Teichmann and Aros, 1967b). Processes

of these néé?ons also protrude as bulb-like endings between the epen-
dymal cells of the organ into the ventricular fumen. As in the ''organon
recessus preopticus,' catecholamines and monoamines have been demon-
strated in these neurons (R8hlich and Vigh, 1967; Teichmann, Vigh and
Aros, 1968). It is suggested, therefore, that the PV0 possesses a
double innervation and that the relationship between the ''nucieus organi
paraventricularis''sand the epeﬁdyma indi cates a sensory function for

the organ (Vigh, 1967). The presence of a neuronal component in the

PVO distinguishes it from a simple ependymal differentiation, such as
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the subcommissural organ. The PVO of Xenopus Laevis tadpoles is char-

acterized by an ependymal lining with a span;‘;y of cilia and two
distinct types of nerve cells (Peute, 1969). Both types of neurons,
which are distinguishable primarily on the basis of their vesicle con-

tent, have processes protruding into the lumen of the ventricle. Type

neurons, found deep in the hypendymal region contain typical dense-cored

catecholamine containing vesicl’s with a diameter of 800-1100 K. The
variety designated type 11, located in the immediate vicinity of the
ependyma, contain larger (1350 A) vesicles resembling elemé%tafy gran-
ules of neurosecretory cells. Although a secretory function into the
CSF is suggested for both cell types, Peute (1969) postulated th;t the
presence of unusual cilia (8 + 1 and 9 + 1 type) and the absence of
synaptic contacts on type | neurdns gqualified them for a possible sen-

sory function. Similar monocamine containing neurons have been reported

in the organon vasculosum hypothalami of Lacerta viridis (Braak, 1968),

Rana Temporaria (Braak and Hehn, 1969) and Xenopus Laevis tadpoles

(Goos and Van Halewijin, 1968).
-

The observations of Takeichi (1967) indicate that the paraven-

tricular ependymal organ in the turtle is of comparable structure.
4

Multiple rows of columnar ependymal cells possessing bulbous cytoplasmic

261

expansions with many microvilli and a few cilia at the free surface were .

in evidence. No evidence, however, of secretory or absorptive activity

could be found.in these cells except for very small vesicles dispersed

¢

wiihfn the cytoplasm. The so-called albuminous substance of earlier LM
reports was not considered by this author to be an apocrine secretion
at all, but rather corresponded to the terminal club-like expansions

A
within the ventricle of hypendymal neuronal processes. Their terminal



expansion{ contained two distinct types of vesicles, the clear synaptic;
Ei type vesicle (500-]600‘& diam.) and the cored’vesicle (elementary éran-
5 u}e) measuring 600-1500 R in diameter. Although only one type of neuron

containing two kiﬁds of 'vesicle was described, they could be divided

- ’
into tw® groups according to the quantity of the respective vesicle

In the sparrow, the PV0O is well developed as it is in birds in

i type dispersed within them. Formation of these vesicles occurred within
E% the terminals of the neuronal processes, and their contents, presumably
3 neurosecretory material, was discharged into the CSF by a microapocrine
ﬁ¥. secretion. . ’

general (Rdhlich and Vigh, 4367). It is characterized by well developed
ependyma; tall, cylindric, devoid of c}lia with many mecrovilli and '
basal processes that pierce the underlying neural and glial fe??ﬁgkk
ending by pedicle-like enlargements on éapillaries. As in the turtle
(%akeichi, 1967), the fine structuré of the épendyma does not provide

. ' . any morphological evidence that would suggest that it plays asspecific
and important role in the function of the PVO. Between the discontin-

-
uous epgndymal cell layer, ''light cells' of indeterminant neuronal or

”

glial érigin and ventricular processes of basally situated neuronk are
interposed. ¢# The apical part of the '"'light cells" protrude from the
epen&ymalléurface into the ventricular cavity frequently with club-,

shaped endings similar to those of neurons. A slender basal process

was also seen to emerge from those cells. The most specific component ~

of the PVO in the sparrow, however, is the two types of nerve cells
which have also been identified. Their correspondence to similar ele-
ST '

ments described above is appatent. The more superficial cells’ (type ll

have a dendrite-like process which terminates within the ventricle in

‘.-
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a bulbous swelling. Within the whole neuron monoamine containing

dense-core vesicles of 840 R average diameter were, found. Large type

I'l neurons are situated in deeper layers and rarely contain dense-core
vesicles. An effector or receptor function for these neuron terminals
could not be ascertained with certainty. Morphological evidence sug-

gestive of possible PVO involvement in pituitary pars intermedia func-

tion is recently reviewed by Knowles (1972).

iv) Subfornical Organ

}he suBfornicaI organ or intercolumnar tubercie is a small hemi-~
spherical nodude protruding from the rostrodorsal wall of the th{rd
ventricle. It is a midline structure situated above the anterior com-
missure in the region of the interventricular foramen between the
diverging columns of the fornix. Its presence has been demonstrated
in a wide variety of mammalla;, avian and reptilian species as well as .
in some amphibians (Akert, Potter and Anderson, 1961; Kohno and Usul,
1966; Weind! and Joynt, i972b; Leonhardt and Lindemann, 1973; Phillips,
Balhorn, Leavitt and Hoffman, 1974; Weindle and Schinko, '1977). The
SFO is composed of a body, a dorsal stalk to which the choroid plexus
is attached and a ventrgl stalk which ends near the anterior commissure
(Akert et al., E96l; Ko;no and Usul, 1966; Phillips et al., 1974). It
is known to share certain characteristics with the other CVO's such as
a rich vascularity, location outside the blood-brain barrier and con-
tact with the CSF (Dellmann and Simpson, 1975).

Leonhardt and Lindemann (1973) and Dellmann and Simpson (1975)
have dest}ibed the presence of ependymal tanycytes in the SFO. Ependymal

channels lined by ciliated ependymal cells penetrated the SFO to varying




extents (Dellmann and Simpson, 1975). Such channels were not found,

however, {n either the rabbit (Leonhardt and Lindemann, 1973) or the
rat (Phillips _E.El;; 1974) .
S Nerve cell processes containing glant vacuoles constituted ogyr \
of the most remarkaqle features of the SFO in the rabbit (Leonhardt
_and Lindemann, 1973); the covlloidal contents of these vacuoles ygere be-
lieved to be secreted into the ventricle. No evidence of this was noted
in the rat (Phillips et al., 1974) and the idea was not favoured by
Dellmann and Simpson (1975) even though giant vacuolated nerve cells
'

were found by them.
‘ bense networks of sinusoidal capillaries both fenestrated and
non-fenestrated have been reported.in the SFO (Dellmann and Simpson,
1975)\ Spoerri (1963) drew attention to the link between the sinusoidal
capillaries and glomerular loops of {fE—FFO and the vasculature of the
chorolJiplexus. &5 vasular connection of the SFO and the supraoptic
crest was also suggested. Duvernoy and Koritke (1969) emphasized the
relationship Between the capillary plexus of the SFO and the ventricu-
lar cavity, noting their conspicuous lack of connecti;ns with neigh-
bouring regions. The'simllarity of the vasculafh}e of the SFO and the
AP has been alluded to by Koella and Sutin (1967) and Duverroy and
Koritke (1969).

Deilmann and Simpson (1975) have found typical cholinergic and

aminergic axonal terminals in the SFO but rarely have observed pep-

tidergic (neurosecretory) axons. The presence of a cholinergic plexus

within the SFO was documented by Akert (1969). The SFO like the OVLT

and AP has been shf;:/:;\gé\rich in biogenic amines and thelir related

efizymes (Saavedra et al., 1976).
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A variety of functions'have been ascribed to the SFO. It has
been gpeculpted that the SFO may have an ab;orptive function, a sen-
sory or.a.neurosecretory function (For review see ﬁaella and Sutin,
|967).- Recent evidence has implicated the SFO with the possible regu-
lation of drinking behaviour ;nd body fluid regdlation‘ Simpson and
Routtenberg (1973) called attention to the possibility that the central
dipsogenic repepéors for one of the known physiological stimuli of
drinking behaviour (Angiotensin I1) may resid®within the SFO. Thefr
results showed that Angiotensin Il applied directly to the SFO elicit;d
_ short-latency drinking in water sated rats while ablation of the body
" of the SFO blocked drinking induced by Angiotensin |1I.

Kucharczyk, Assaf and Mogenson (1976? contend that the SFO
represents one of multiple central receptor sites for the dipségenic
effect of Angiotensin LI. This view, howéver, is not supported by
Hoffman and*Phillips (1976). The investigations of Thokqbérough and
Passo (1973) have implicated the CVO of the third ventricle and par-
ticularly the SFO in the regulation of soaium metabolism. Lesions of
the SFO were found to block the natriuresig that occurs following
infusion of hypertonic NaCl. They postulated that the SFO may function

as a receptor for sodium ion cOncentration in blood and CSF. [t is

obvious that the precise function of the SFO remains to be elucidated.
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