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INTRODUCTION

Ependymal cells provide a unicellular epithelial lining for brain ventri-
cles and central canal of the spinal cord (Berry et al., 1995). Embryologi-
cally, ependymal cells differentiate from the neuroepithelial cells, after the
latter cease to produce neuroblasts and gliablasts (Sadler, 1985).

There is a marked regional variation in the ependymal lining of the
brain ventricles in mammals. 1t was reported that the ependymal cells over-
lying areas of grey matter are cuboidal in shape and each cell presents nu-
merous cilia in its apical centre, surrounded by short microvilli. However,
where the ependyma lines white matter, the cells are markedly flattened up
to the extent of being squamous and fewer of them are ciliated (Scott et
al., 1974, Page et al., 1979; Mestres et al., 1985; Mitro et al., 1989; Alva-
rez-Morujo et al,, 1992). Moreover, the ependyma of the ventricular chor-
oid plexuses was noticed to be a low cuboidal epithelium with humerous
microvilli but few cilia on the surface, and its underlying stroma was rich in
fenestrated capillaries (Clementi and Marini, 1972).

in the adult human brain, it was reported that mature ependyma was
not merely an inert lining but might regulate the transport of ions, small
molecules, and water between the cerebrospinal fluid and nervous tissue,
and it served an important barrier function that protected neural tissue from
potentially harmful substances (Bruni, 1998).

Reviewing the literature, it was noticed that most of the studies of the
fine surface structure of the ependyma in the rat brain dealt with that of the
third ventricle (Paull et al., 1977; Walsh et al.,, 1978). However, informa-
tion concerning the ependyma of other brain ventricles, as well as the cen-
tral canal of the spinal cord, was relatively few.

Therefore, it became the aim of the present study to examine the
ependyma of the adult rat brain ventricles with scanning electron micros-
copy in order to clarify the alteration in its surface fine structure throughout
the whole ventricular system, and the central canal of the spinal cord.
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MATERIALS AND METHODS

. Obtaining the specimens of rat brain ventricles and spinal cord cen-
tral canal:

Ten adult male Sprague-Dawley albino rats (150-200 gm) [obtained
from the animal house, Faculty of Medicine, Ain Shams University] were
used in the present study. All animals were anaesthetized by intraperito-
neal injection of a single dose of phenobarbitone (6mg/100g body weight),
and rapidly perfused transcardially in the left ventricle with heparinized
phosphate-buffered saline (PBS; pH 7.4) followed by 1% glutaraldehyde
(Fluka) - 2% paraformaldehyde (Sigma) in PBS (pH 7.4). In each animal,
the cranium was cut from behind and opened to expose the brain. The
whole brain was then carefully dissected out, and its different parts were
visualized by the stereoscopic microscope. The spinal cord was immedi-
ately exposed in full length through dorsal laminectomy, and fixed in situ by
1% glutaraldehyde - 2% paraformaldehyde in PBS (pH 7.4). A series of
horizontal, sagittal, and parasagittal sections were taken in each specimen
to expose the lateral, third, and fourth ventricles as well as the cerebral ag-
ueduct. Identification of the different segments of the spinal cord was
achieved by counting the spinal nerves from the first cervical segment
downwards. According to Rowett (1968), the rat spinal cord presented
thirty-four pairs of spinal nerves distributed as follows: 8 cervical, 13 tho-
racic, 6 lumbar, 4 sacral, 3 caudal. In the present study, the cervical and
lumbar segments of the cord were selected to be investigated.

Il. Processing the rat brain ventricles and spinal cord central canal
specimens for the scanning electorn microscopic study:

The obtained specimens of perfused brain ventricles and spinal cord
central canal were washed twice in PBS (pH 7.4). The tissues were fixed
for 60 min. in 1% glutaraldehyde - 2% paraformaldehyde in phosphate
buffer at room temperature (pH 7.4). The tissues were then washed twice,
5 min. each, in buffered sucrose (0.1M phosphate buffer, 5% sucrose solu-
tion). Post fixation was performed at 4°C for 80 min. in 2% phosphate-
buffered osmium. Following rinsing in several changes of cold distiied wa-
ter, the tissues were dehydrated in a graded series of ethanols (40%, 50%,
70%, 80%, 90%, and twice in 100%). Further dehydration of specimens
was carried out in absolute ethanol: acetone (1:1) solution for 30 min., fol-
lowed by three changes of absolute acetone, 10 min. each. The specimens
were then critically point dried in CO; drying apparatus CPD 030, mounted
on stubs, and finally coated with goid in the sputter coater SCD005. More-
over, in order to expose subependymal tissues, some of the specimens
were subjected to fracture freeze in liquid nitrogen. Fixed tissues were im-
mersed in ethanol, quench-frozen in liquid nitrogen and cracked. The tis-
sues were then processed to critical drying as usual. Examination and pho-
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tography of specimens were carried out at the Scanning Electron Micros-
copy Center, Anatomy Department, Faculty of Medicine, Ain Shams Uni-
versity using Philips Scanning Electron Microscope XL 3 at 30 kv.

RESULTS

l. Scanning_electron microscopic observations on the ependymal lin-
ing of the lateral ventricle:

In the present investigation, careful examination of specimens of the
lateral ventricular wall showed areas of regular infoldings (Figs. 1, 2). Two
types of ependymal cells were seen; ciliated and non-ciliated. The ciliated
cells expressed various patterns of ciliation, ranging from densely ciliated
(Figs. 2, 3), sparsely ciliated (Fig. 4), and cells with single cilia (Fig. 5). It
was also noticed that the heavily ciliated cells constituted most of the
ependymal lining of the lateral ventricle (Figs. 2, 3), whereas the sparsely
ciliated cells occurred in isolated groups (Fig. 4). In several instances, the
single cilia were relatively long and seemed to emerge from adjacent
ependymal cells boundaries (Fig. 5). The non-ciliated cells showed numer-
ous surface microvilli (Figs. 2, 3). Such microvilli were easily recognized in
the sparsely ciliated and singly ciliated cells; however, they were obscured
in the heavily ciliated ones.

In fracture freeze preparations, the ependymal cells appeared low
columnar or cuboidal in shape (Fig. 6). Terminal ciliary dilatation was ob-
served. Moreover, a characteristic unidirection of cilia was identified (Fig.
6). The average length of cilia was 6.6um. In addition, few supraependymal
(ranging from 0.9 to 1.3 um in diameter) as well as numerous subependy-
mal (ranging from 0.7 to 2.03 um in diameter) vesicular structures were
noticed (Fig. 5). The subependymal vesicular structures were usually seen
aggregated in clusters. Subependymal varicosed nerve fibers were also
identified. Moreover, long cellular processes projecting from the base of
ependymal cells were observed to extend deeply in the subependymal re-
gion (Fig. 5).

ll. Scanning electron microscopic observations on the ependymal lin-

ing of the third ventricle:

in the present study, examination of specimens of the third ventricular
wall revealed variations in the ciliation density of the ependymal cell lining
(Fig. 7). Rows of densely ciliated ependymal cells were seen amidst singly
ciliated cells {Fig. 8). Similar to the findings in the examined specimens of
the lateral ventricle, some of the single cilia appeared to project between
adjacent ependymal cells. Furthermore, surface microvilli were observed in
both non-ciliated and singly ciliated ependymal cells (Fig. 8). Supraependy-
mal fibers with characteristic varicosities were occasionally encountered
(Fig. 8). Areas of supraependymal globular vesicular structures of variable
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sizes (ranging from 2.09 to 20 um in diameter) were also observed (Fig. 9).
Many of these vesicles seemed to be arranged in a rather punch pattern.
Moreover, thin fibers were seen in close association with such vesicles
(Fig. 9). According to their surface outline, three types of these vesicles
could be identified: smooth, rough, or whorled (Fig. 10).

Furthermore, supraependymal cells were seen overlying the ependy-
mal lining of the third ventricle (Fig. 11). Most of these cells were elon-
gated, and their surface appeared irregular with few surface microvilli and
blebs. Surface and side cellular processes were also noticed. Such cells
were observed to span several ependymal cells. In addition, few smaller
rounded cells with numerous thin processes were seen. Numerous
rounded or irregular clumps of debris were observed in close association
with the supraependymal cells (Fig. 11).

lll. Scanning_electron_microscopic observations on the ependymal
lining of the cerebral agqueduct:

In the current study, the examined specimens of the cerebral aque-
duct revealed that it was lined by a thin layer of non-ciliated ependymal
cells (Fig. 12). The ependymal cells were polygonal in shape and had a
convex dome-shaped surface studded with surface microvilli (Fig. 13).

IV. Scanning electron microscopic observations on_the ependymal
lining of the fourth ventricle:

Careful examination of specimens obtained from the floor of the fourth
ventricle showed that its ependymal lining was heavily ciliated near the me-
dian sulcus, while it was sparsely ciliated in its lateral part with a transition
zone of moderately ciliated cells in between (Figs. 14, 15). The heavily cili-
ated ependymal cells further exhibited two patterns of ciliary distribution;
homogeneously densely ciliated ependymal cells (Fig. 16), and rows of
densely ciliated ependymal cells intermingled with non-ciliated ependymal
cells with numerous surface micovilli (Fig. 17). Infrequently, adherent tufts
of cilia were seen among the heavily ciliated cells (Fig. 18). Furthermore, in
the laterally located sparsely ciliated zone, ependymal cells with few cilia,
single cilia and even non-ciliated cells were identified (Fig. 15). Numerous
thin supraependymal fibers were commonly seen running between the cilia
of the ependymal cells. Moreover, surface apical pits and numerous micro-
villi were observed on the surface of non-ciliated ependymal cells (Fig. 19).

In fracture freeze preparations, the ciliated ependymal cells were no-
ticed to extend long basal processes deep into the subependymal region
(Fig. 20). Moreover, varicosed nerve fibers together with thin ones were
seen running beneath the ependymail cells (Fig. 20). Occasionally, bullous
protrusions were seen projecting between the ciliated ependymal cells (Fig.
21).
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V. Scanning electron microscopic observations on the ependymai lin-
ing of the central canal of the cervical part of the spinal cord:

In the present investigation, thorough examination of specimens of the
central canal of the gervical part of the spinal cord revealed infolding of the
ependymal lining. It was noticed that it was lined by a single layer of non-
ciliated ependymal cells. The surface of the ependymal cells was studded
with numerous microvilli and microblebs (Fig. 22).

In fracture freeze preparations, the subependymal region presented
several neural elements comprising cells with multiple processes, vari-
cosed nerve fibers of variable thickness, and numerous vesicles variable in
size and shape (Fig. 23).

VL. Scanning electron microscopic observations on the ependymal
lining of the central canal of the lumbar part of the spinal cord:

Examination of specimens of the central canal of the lumbar part of
the spinal cord revealed regular ependymal infoldings. It was observed that
the majority of the ependymal cells were non-ciliated with numerous apical
surface microvilli. However, singly cifiated ependymal cells were constantly
seen among the non-ciliated cells (Fig. 24). The non-ciliated ependymal
cells appeared dome-shaped (Fig. 25). The cilia of the singly ciliated cells
were of variable lengths (ranging from 1.92 to 7.44 um). Commonly, the
single cilia were seen emerging from adjacent ependymal cell boundaries
(Fig. 25).

Frequently, supraependymal club-shaped vesicular structures were
also observed (Figs. 25, 26). In addition, supraependymal fibers with char-
acteristic varicosities were seen (Fig. 26). Subependymal numerous ve-
sicular structures of variable size (ranging from 0.9 to 3.06 pm) often with
small numerous surface projections were also identified (Fig. 27).

In fracture freeze preparations, some of the non-ciliated ependymal
cells were seen to extend one or more long basal processes penetrating
deeply in the subependymal region (Fig. 28).

DISCUSSION

l. The ependymal lining of the lateral ventricle:

In the present study, it was shown that the ependymal lining of the
lateral ventricle of the albino rat presented a folded pattern in the form of
protrusions into the ventricular cavity separated by invaginations into the
underlying brain tissue. Such ependymal folding was also recognized in the
avian ventricular wall (Korf and Fahrenkrug, 1984).
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Fig. (1): Scanning electron micro- Fig. (2): Scanning electron micro-
graph of the lateral ventricle of al- graph of the lateral ventricle of al-
bino rat showing regular infolding of bino rat showing the heavily cili-
its wall. (x 147) ated ependymal folds. (x 2000)

Fig. (3): Scanning electron micro-  Fig. (4): Scanning electron micro-
graph of the lateral ventricle of al-  graph of the lateral ventricle of al-
bino rat showing that its heavily bino rat showing isolated groups of
ciliated ependymal cells constitute sparsely ciliated ependymal cells

most of the ependymal lining. Note  with numerous surface microvilli.
that the non-ciliated cells present (x 1000)

numerous surface  microvilli.
(x 2500)
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Fig. (5): Scanning electron micro-
graph of a fracture freeze prepara-
tion of the lateral ventricle of albino
rat showing singly ciliated ependy-
mal cells with numerous surface
microvilli. Note the long single cilia
emerging from adjacent ependymal
cell boundaries. Few supraependy-
mal and numerous clustered
subependymal vesicular structures
were noticed. Note also the
subependymal varicosed nerve fiber
(M and the long cellular process ex-
tending from the base of ependymal
cells (e) deeply in the subependymal
region. (x 2000)

Fig. (7): Scanning electron micro-
graph of the third ventricle of albino
rat showing variation in the ciliation
density of the ependymal cell lining.
(x 650)

Fig. (6): Scanning electron micro-
graph of a fracture freeze prepara-
tion of the lateral ventricle of albino
rat showing low columnar or cuboi-
dal ependymal cells with a charac-
teristic unidirection of cilia and a
terminal ciliary dilatation. (x 2000)

Fig. (8): Scanning electron micro-
graph of the third ventricle of albino
rat showing rows of densely ciliated
ependymal cells among singly cili-
ated cells. Some of the single cilia
emerge between adjacent ependy-
mal cells. Note the surface microvilli
in both non-ciliated and singly cili-
ated ependymal cells, as well as
the occasional presence of supra-
ependymal nerve fibers (f) with
characteristic varicosities. (x 14562)
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Fig. (9): Scanning electron micro-
graph of the third ventricle of albino
rat showing supraependymal globu-
lar vesicular structures of variable
sizes. Note their punch pattern ar-
rangement and the thin fibers in
close association with such vesicles.

Fig. (10): Scanning electron micro-
graph of the third ventricle of albino
rat showing the three types of the
supraependymal globular vesicular
structures; smooth (SV), rough
(RV), or whorled (WV). (x 1089)

Fig. (11): Higher magnification of
the field seen in Fig. (7) of the third
ventricle of albino rat showing elon-
gated supraependymal (SEC) non-
ciliated cells with irregular surface.

Note the surface microvilli and
blebs, as well as the surface and
side cellular processes (long ar-
rows)., Few smaller rounded cells (in
the rectangular frame) with numer-
ous thin processes were also seen.
Note the clumps of debris (short ar-
rows) in close association with the
supraependymal cefls. (x 1452)

Fig. (12): Scanning electron micro-
graph of the cerebral aqueduct (ED)
of albino rat showing a thin layer of
non-ciliated ependymal cellular lin-
ing (x 145)
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Fig. (13): Higher magnification of
the previous field of the cerebral
aqueduct of albino rat showing that
its ependymal celis are polygonal in
shape with convex dome-shaped
surface studded with surface micro-
villi. (x 726)

Fig. (14): Scanning electron micro-
graph of the fourth ventricular floor
of albino rat showing heavily ciliated
ependymal cells near the median
sulcus. (x 153)

Fig. (16): Scanning electron micro-
graph of the ependymal lining of the
floor of the fourth ventricle of albino
rat showing a ftransition zone of
moderately ciliated cells in between
the medial zone of heavily ciliated
cells and the lateral zone of sparsely
ciliated cells. Note the presence of
ependymal cells with few cilia, single
cilia and even non-ciliated cells in
the lateral sparsely ciliated zone.
(x 650)

Fig. (16): Scanning electron micro-
graph of the heavily ciliated medial
zone of the floor of the fourth ventri-
cle of albino rat showing homoge-
neously densely ciliated ependymal
cells. (x 1500)
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Fig. (17): Scanning electron micro-
graph of the heavily ciliated medial
zone of the floor of the fourth ventri-
cle of albino rat showing rows of
densely ciliated ependymal cells
intermingled with non-ciliated cells
with numerous surface micovilli.
(x 1452)

Fig. (19): Scanning electron micro-
graph of the floor of the fourth ven-
tricle of albino rat showing numer-
ous thin supraependymal fibers

(arrows) Dbetween cilia of the
ependymal cells, as well as the sur-
face apical pits and the numerous
microvilli of non-ciliated ependymal
cells. (x 1815)

Fig. (18): Scanning electron micro-
graph of the heavily ciliated medial
zone of the floor of the fourth ventri-
cle of albino rat showing adherent
tufts of cilia among the heavily cili-
ated cells. (x 2500)

3
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Fig. (20): Scanning electron micro-
graph of a fracture freeze prepara-
tion of the floor of the fourth ventri-
cle of albino rat showing a ciliated
ependymal cell (long arrow) extend-
ing long basal processes deep into
the subependymal region. Note the
varicosed (short arrows) and the
thin (in the rectangular frame) nerve
fibers running beneath the ependy-
mal cells. {(x 1452)
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Fig. (21): Scanning electron micro-
graph of the floor of the fourth ven-
tricle of albino rat showing a bullous
protrusion (arrow) projecting be-
tween the ciliated ependymal cells.
(x 1089)

Fig. (22): Scanning electron micro-
graph of the central canal of the cer-
vical part of the spinal cord of albino
rat showing infolding of its ependy-
mal lining that consists of non-
ciliated ependymal cells studded
with numerous microvilli and mi-
croblebs. (x 1500)

Fig. (23): Scanning electron micro-
graph of a fracture freeze prepara-
tion of the central canal of the cervi-
cal part of the spinal cord of albino
rat showing the presence of cells
with multipie processes (arrow), vari-
cosed nerve fibers (VN), and numer-
ous vesicles (V) in the subependy-
mal region. (x 871)

Fig. (24): Scanning electron micro-
graph of the central canal of the
lumbar part of the spinal cord of
albino rat showing regular infoldings
of its ependyma. Note that the ma-
jority of the ependymal cells are
non-ciliated with numerous apical
surface microvilli but singly ciliated
ependymal cells (arrows) are con-
stantly seen among the non-ciliated
cells. (x 1089)
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Fig. (25): Scanning electron micro-
graph of the central canal of the
lumbar part of the spinal cord of
albino rat showing the dome-
shaped non-ciliated ependymal
cells and singly ciliated cells with
cilia of variable lengths that com-
monly emerge from adjacent
ependymal cell boundaries. Note
the supraependymal club-shaped
vesicular structure (arrow). (x 2540)

Fig. (27): Higher magnification of
the field seen in Fig. (24) of the cen-
tral canal of the lumbar part of the
spinal cord of albino rat showing
numerous subependymal vesicular
structures of variable sizes often
with small numerous surface projec-
tions. (x 2500)

Fig. (26): Scanning electron micro-
graph of a nearby field of the speci-
men shown in the previous figure
showing a supraependymal club-
shaped vesicular structure (short
arrow) and a supraependymal fiber
with characteristic varicosities (long
arrow). (x 1815)

Fig. (28): Scanning electron micro-
graph of a fracture freeze prepara-
tion of the central canal of the lum-
bar part of the spinal cord of albino
rat showing long basal processes
(arrow) of a non-ciliated ependymal

cell penetrating deeply in the

subependymal region. (x 2540)
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Characteristically, the present work revealed that most of the ependymal
cells lining the lateral ventricle were heavily ciliated. However, areas of
sparsely ciliated, singly ciliated or even non-ciliated ependymal cells were
also seen. In man, Mitro et al. (1989) described similar variations in the
distribution of ciliated and non-ciliated ependymal cells in the brain lateral
ventricle. Moreover, different patterns of ciliation were identified in the pi-
geon lateral ventricle (Mestres et al., 1985; Mestres and Rascher, 1994).
In that respect, Scott et al. (1974) mentioned that the ependymal cells
were heavily ciliated over grey matter, while it was sparsely ciliated over
white matter. Berry et al. (1995) mentioned that these differences might be
related to a greater role in the exchange of metabolites between grey mat-
ter and CSF than the case for white matter. However, in pigeons, no corre-
lation between a given surface pattern and a specific type of underlying
nervous tissue could be identified (Mestres et al., 1985).

in the present investigation, it was noticed that the sparsely ciliated
ependymal cells occurred in isolated groups. Similarly, ciliated ependymal
cells were arranged in groups in the brain lateral ventricle of armadillo
(Jacobs and Monroe, 1977).

In the current work, the non-ciliated cells showed numerous surface
microvilli. Such microvilli were easily recognized in the sparse and singly
ciliated cells. However, in case of the heavily ciliated cells, the microvilli
were obscured by the cilia. Similar variations in microvilli distribution were
noticed in ependymal cells of lateral ventricle in man (Mitro et al., 1989),
and in pigeons (Mestres et al., 1985).

On the other hand, the present work demonstrated that the cilia of the
ependymal cells of the lateral ventricle had terminal dilatations. Such find-
ing was recognized in sheep by Rajtova (1988) who noticed that the cilia of
the ependymal cells of the lateral ventricle had club-like terminations.

Il. The ependymal lining of the third ventricle:

The present investigation demonstrated variations in the density of
ciliation of the ependymal cells that lined the wall of the third ventricle. In
that respect, some areas showed rows of densely ciliated ependymal ceills,
while other areas were sparsely ciliated, singly ciliated or non-ciliated.
Variation in the density of ciliation of ependymal cells was described in the
rat (Paull et al., 1977). Moreover, in monkeys, Coates (1977) mentioned
that ependymal cells lining the walls of third ventricle were heavily ciliated
as compared to its floor. In addition, in female armadillo, the ependyma of
the third ventricle was also densely ciliated except for the organum vascu-
losum and the infundibular recess (Jacobs and Monroe, 1977).
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Furthermore, in the current work surface microvilli were observed in
both non-ciliated and singly ciliated ependymal cells. Similar observations
were reported in armadillo (Jacobs and Monroe, 1977).

In the present study, supraependymal fibers with characteristic vari-
cosities were identified. By means of transmission and scanning electron
microscopy, Martinez and de Weerd (1977) mentioned that such varicosi-
ties of supraependymal fibers represented synapses that might be either
axoaxonic or axosomatic. These authors added that synapses between
supraependymal fibers and ependymal cells were also identified.

Moreover, by means of enzyme immunohistochemistry and immu-
notransmission electron microscopy, Hirunagi et al. (1995) demonstrated
that the majority of supraependymal fibers contained serotonin. Cloft and
Mitchel (1997) identified a ganglion-like system of serotoergic supra-
ependymal neuronal complex (SENC) in the floor of the third ventricle in
the golden hamster. That SENC, formed of intraventricular neuronal peri-
karya and processes, was thought to be involved in neurc-endocrine regu-
lation since it innervated the pituitary gland. In that respect, the presence of
serotonin and its metabolites in the cerebrospinal fluid (CSF) was reported
to be of clinical relevance in some psychiatric conditions such as depres-
sion (Brusco et al., 1998). A further possibility was that supraependymal
neuronal processes were effectors regulating activity of ependymal cells
(Sancesario et al., 1996).

In the present investigation, careful examination of the ependymal
lining of the third ventricle revealed the presence of supraspendymal globu-
lar vesicular structures of variable sizes (ranging from 2.09mm to 20 um).
Ray and Choudhury (1985) reported that such vesicular structures in-
creased in size and number in response to experimental leakage of the
cerebrospinal fluid in the rat, and they reflected an augmented activity of
the ventricular ependyma to counteract the effects of such surgical trauma.
in monkeys, ependymal cells displayed membrane specializations in the
form of polymorphous membrane protrusions (Coates, 1977). Moreover,
Gonzalez-Santander (1979) noticed cytoplasmic protrusions and isolated
masses of cytoplasm in the third ventricle of the cat. In the present study,
three types of supraependymal vesicles could be also identified: smooth,
rough, or whorled. Similar whorled vesicles were described by Schmidt
(1978) as concentric lamellated bodies in the third ventricle of the Euro-
pean mole rat,

Furthermore, the current investigation demonstrated two types of su-
praependymal cells (SEC) overlying the ependymal lining of the third ventri-
cle. Most of these cells were elongated with irregular surface, and few sur-
face microvilli and blebs. Surface and side cellular processes were also
noticed. Such cells were observed to span several ependymal cells. Nu-
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merous rounded or irregular clumps of debris were in close association with
these SEC. Such characteristics might imply that these cells are macro-
phage-like cells lying in intimate association with some debris, which might
be degenerated cells or secretory materials. The other type of the observed
SEC was a smaller rounded cell with numerous thin processes that ap-
peared as spider-like cells. Paull et al. (1977) reported similar findings in
the rat third ventricle and identified two varieties of supraependymal cells;
phagocyte-like and neuron-like. Based on their ultrastructural characteris-
tics, supraependymal cells were reported to be classified into three catego-
ries; nerve cells, lymphocytes, and dense cells (Martinez and de Weerd,
1977). In that respect, it was mentioned that the supraependymal cells
were probably a mixed population of glfia, neurons, and macrophages
(Berry et al., 1995). Furthermore, scattered supraependymal multipolar
neurons containing nitric oxide synthetase activity were detected in the wall
of the rat third ventricle using histochemistry for NADPH- diaphorase activ-
ity. These nitrergic neurons were further suggested to play an essential role
in regulating the composition of CSF (Sancesario et al., 1996).

Again, supraependymal cells of chicken third ventricle were classified
into two types: neuron-like cells, which might be unipolar or bipolar in ap-
pearance, and phagocyte-like cells (Hirunagi et al., 1989). Moreover, in
the third ventricle of monkeys, supraependymal cells were more visible in
non-ciliated regions (Coates, 1977), whereas in Guinea pig, SEC were re-
stricted to non-ciliated regions (Mitchelf, 1979). in male goats, the supra-
ependymal cells were always present with the exception of the "rest" pe-
riod. However, in the female animals, the smallest number of the SEC was
found during anestrus period (Rajtova, 1990). Aiso, supraependymal cells
were shown in great number in response to cerebrospinal fluid leakage
(Ray and Choudhury, 1985).

{ll. The ependymal lining of the cerebral aqueduct:

In the present study, it was shown that the cerebral aqueduct was
lined with a thin layer of polygonal non-ciliated ependymal cells. The
ependymal cells had a convex surface studded with surface microvilli.
Meller and Dennis (1993) reported that, in the rabbit, the ependyma of the
cerebral aqueduct was so heavily ciliated that most of the ependymal sur-
face was obscured. The authors added that certain specialized supra-
ependymal structures could be discerned lying on (or embedded within)
this matt of cilia. Such features were not met with in the present study, and
such difference might be attributed to species differences. Moreover, Ra-
jtova, (1988) stated that, in ewes and rams, small foci without microvilli and
cilia ("bare") could be observed in the ependymal lining of the cerebral ag-
ueduct. Again, in armadillo, the cilia of aqueduct ependyma are evenly
placed over the cellular surfaces (Jacobs and Monroe, 1977).
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IV. The ependymal lining of the fourth ventricle:

The present study demonstrated that the floor of the fourth ventricle
was lined with a single layer of ependymal cells that were heavily ciliated
near the median sulcus. More laterally, the ependymal lining was sparsely
ciliated with a transition zone of moderately ciliated cells in between. Simi-
lar results were described in the mouse (Yamadori and Yagihashi, 1975).
On the contrary, each half of the floor of the fourth ventricle of the adult
rhesus monkey (Singh et al., 1982) and the pigeon (Mestres and Ra-
scher, 1994) exhibited dense ciliation that decreased towards the median
sulcus. Hirunagi and Yasuda (1979) reported that the ependymal cells
lining the floor of the median suicus of the fourth ventricle in the domestic
fowl had a solitary cilium, whereas on both sides of the sulcus, the cilia
were densely distributed.

In the present work, the heavily ciliated ependymal cells showed two
patterns of ciliary distribution: homogeneously densely ciliated ependymal
cells medially and rows of densely ciliated ependymal cells intermingled
with non-ciliated ependymal cells with numerous surface micovilli laterally.
Infrequently, adherent tufts of cilia were seen among the heavily ciliated
cells. Furthermore, in the sparsely ciliated zone, ependymal cells with few
cilia, single cilia and even non-ciliated cells were identified. In that respect,
Singh et al. (1980) recognized regional variation in the surface fine struc-
ture of the ependymal cells lining the floor of the rat brain fourth ventricle in
the form of dense ciliation, sparse ciliation, central tufts of cilia, and solitary
cilia.

In addition, the present investigation revealed the presence of numer-
ous thin supraependymal fibers that were commonly seen running between.
the cilia of the ependymal cells forming a network among the ependymal
cilia. Mathew (1998, 1999) found networks of nerve fibers of similar distri-
bution and suggested that they might have a role in the coordination of
ciliary movement. Embryologically, the supraependymal fibers of the rat
fourth ventricle was found to originate mainly from neurons in the dorsocau-
dal region of the raphe dorsalis nucleus (Didier-Bazes et al., 1997).

In the present work, occasional bullous protrusions were seen project-
ing in between the ciliated ependymal cells. By means of scanning and
transmission electron microscopy, such bullous protrusions were also iden-
tified by Yamadori and Yagihashi (1975) who further reported that they
were projections from subependymal nerve cells that contained numerous
mitochondria. Kiss and Mitro (1978) suggested that such protrusions
played a certain role in the exchange of various materials between the
CSF, ependyma, and neuropile.
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V. The ependymal lining of central canal of the spinal cord:

In the present study, detailed examination of the central canal of the
cervical and lumbar regions of the rat spinal cord showed regular infoldings
of the ependymal lining that comprised a single layer of uniformly organized
ependymal cells. In both regions of the cord, the ependymal cells were
non-ciliated with numerous surface microvilli and microblebs. However, in
the lumbar region, cells with single cilia were identified lying among the
non-ciliated cells. These findings were different from those reported in the
mouse, and in the cat, where bundies of cilia as well as single cilia, were
noted (Rascher et al., 1985; Bjugn et al., 1988). Moreover, the luminal
surface of the ependymal cells of the central canal of maonkey spinal cord
beared many microvilli and cilia that were regularly arranged (Erhardt and
Meinel, 1986). The absence of dense cifiation in the ependymal fining of
the central canal demonstrated in the present work might be attributed to
the lack of demand to the propelling action of cilia needed for the circulation
of CSF. Such suggestion was based on the work of Cifuentes et al. (1992)
who reported that, by means of applying horse radish peroxidase (HRP) in
the central canal, the CSF was traced to penetrate through the fuminal sur-
face of the ependymal cells as well as the intercefiular spaces reaching the
subependymal neuropile, and then to the basement membrane of local
capillaries, .

In the present investigation, supraependymal varicosed nerve fibres
were seen running on the ependymal surface of the lumbar region of the
cord. A similar finding was noticed in the central canal of the rabbit spinal
cord (Leonhardt, 1976), and in the central canal of spinal cord of adult cat
(Rascher et al., 1985). Moreover, in the present study, supraependymal
club-shaped vesicular structures were observed in the lumbar region. Ra-
scher et al. (1985) said that the most striking feature of the central canal
ependyma of cat was the large, spherical bodies that were connected by
long, slender stalks to neurons in subependymal position.

In the present study, it was noticed that the non-ciliated ependymal
cells of the central canal of the lumbar region of the spinal cord appeared
dome-shaped with indistinct cell boundaries. Bruni and Reddy (1987)
mentioned that ependymal ceils lining the rat central canal were columnar.
Bruni and Anderson (1987) further added that these ependymal cells
were often radially elongated. Furthermore, ependymal cells lining the hu-
man central canal were reported to be simple columnar or cuboidal in the
second decade of life (Kasantikul et al., 1979). In addition, ependymal
cells of the mouse spinal canal were observed to be simple cuboidal similar
to those of its brain ventricle (Bjugn et al., 1988).

In fracture freeze preparations of the lumbar region, the current work
showed that one or more long basal cytoplasmic processes originated from
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the base of some of the non-ciliated ependymal cells and penetrated deep
into the subependymal region. Such long basal processes were also identi-
fied in the rat by Bruni and Anderson (1987), and by Bruni and Reddy
(1987).

On the other hand, in fracture freeze preparations of the cervical re-
gion, the present investigation recognized several neural elements
subependymally comprising multipolar neurons, varicosed nerve fibers of
variable thickness, and numerous vesicles variable in size and shape. In
the rabbit spinal cord, similar bipolar or multipolar nerve cells were seen
below the ependymal cells of the central canal (Leonhardt, 1976).

Vi. Surface Specializations:

In the present study, certain surface specializations were identified
emerging between adjacent ependymal cells of brain ventricles and central
canal of spinal cord. Such specializations were in the form of projecting
single cilia and bullous protrusions. In that respect, a system of cerebrospi-
nal fluid-contacting neurons was described in various periventricular brain
regions that seemed to have a special role in taking up, transforming, and
emitting non-synaptic signals mediated by the CSF and intercellular fluid of
the brain (Vigh et al., 2004). Most of the CSF-contacting neurons were re-
ported to send dendritic processes into brain ventricles and the spinal cord
central canal where they formed terminals bearing a solitary cilium
(LaMotte, 1987; Vigh et al., 2004). Cytologically, such neurons resembled
the known sensory cells of the chemoreceptor type, while others appeared
to be sensitive to the pressure or flow of CSF (Vigh et al., 2004).

SUMMARY

The present study aimed at clarifying the alteration in the surface fine
structure of the ependyma throughout the whole brain ventricular system
and the central canal of the spinal cord. Ten adult male albino rats of the
Sprague-Dawley strain, weighing 150-200 gm, were used in the present
study. The animals were anaesthetized by intraperitoneal injection of a sin-
gle dose of phenobarbitone, and fixed with 1% glutaraldehyde - 2% para-
formaldehyde in phosphate-buffered saline at room temperature (pH 7.4).
In each animal, the brain and spinal cord were carefully dissected out and
the obtained specimens of brain ventricles and central canal of cervical and
lumbar regions of the spinal cord were processed for scanning electron
microscopy.

Examination of the obtained specimens with scanning electron mi-
croscopy revealed various patterns of ciliary arrangement and distribution
as well as microvilli, blebs, protrusions, supraependymal and subependy-
mal structures along the ependymal lining of brain ventricles and central
canal of the spinal cord.

-312-


echo2111
Rectangle

echo2111
Rectangle

echo2111
Rectangle

echo2111
Rectangle


In that respect, the lateral, third, and fourth ventricles showed areas of
densely ciliated, sparsely ciliated, singly ciliated and even non-ciliated
ependymal cells. On the other hand, the ependymal lining of the aqueduct
and the cervical part of the central canal was non-ciliated, whereas that of
the lumbar region exhibited single cilia among non-ciliated cells. Com-
monly, single cilia of the lateral ventricle, third ventricle, and of the central
canal of the lumbar cord seemed to emerge between two adjacent cells.
Occasionally, bullous protrusions were seen projecting between the ciliated
ependymal cells of the fourth ventricle and the lumbar region of the spinal
cord.

Two types of supraependymal cells (phagocyte-like and cells with
multiple processes) were seen overlying the ependymal lining of the third
ventricle. Supraependymal fibers with characteristic varicosities were seen
running over the ependyma of third ventricle, fourth ventricle, and lumbar
region of the central canal. Furthermore, subependymal varicosed nerve
fibers were noticed in the lateral ventricle, fourth ventricle, and the cervical
and lumbar regions of the spinal cord. Supraependymal vesicular struc-
tures variable in size and shape were noticed in the lateral ventricle, in the
third ventricle, and in the lumbar region of central canal. Moreover,
subependymal vesicular structures variable in size and shape were seen in
the lateral ventricle as well as the cervical and lumbar regions of the spinal
cord.

The above mentioned findings were discussed in relation to the prob-
able role of the ependyma in the secretion (vesicular structures), movement
(cilia), absorption (microvilli), and homeostasis (surface specializations) of
the cerebrospinal fluid.
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