
Abstract GFAP expression patterns were compared be-
tween the brains of a spiny dogfish (Squalus acanthias)
and a little skate (Raia erinacea). After anesthesia, the
animals were perfused with paraformaldehyde. Serial vi-
bratome sections were immunostained against GFAP us-
ing the avidin-biotin method. Spiny dogfish brain con-
tained mainly uniformly-distributed, radially arranged
ependymoglia. From GFAP distribution, the layered or-
ganization in both the telencephalon and the tectum were
visible. In the cerebellum, the molecular and granular
layers displayed conspicuously different glial structures;
in the former a Bergmann glia-like population was
found. No true astrocytes (i.e., stellate-shaped cells)
were found. Radial glial endfeet lined all meningeal sur-
faces. Radial fibers also seemed to form endfeet and en
passant contacts on the vessels. Plexuses of fine perivas-
cular glial fibers also contributed to the perivascular glia.
Compared with spiny dogfish brain, GFAP expression in
the little skate brain was confined. Radial glia were lim-
ited to a few areas, e.g., segments of the ventricular sur-
face of the telencephalon, and the midline of the dien-
cephalon and mesencephalon. Scarce astrocytes occurred
in every brain part, but only the optic chiasm, and the
junction of the tegmentum and optic tectum contained
large numbers of astrocytes. Astrocytes formed the men-
ingeal glia limitans and the perivascular glia. No GFAP-
immunopositive Bergmann glia-like structure was found.
Astrocytes seen in the little skate were clearly different
from the mammalian and avian ones; they had a different
process system – extra large forms were frequently seen,
and the meningeal and perivascular cells were spread
along the surface instead of forming endfeet by process-

es. The differences between Squalus and Raia astroglia
were much like those found between reptiles versus
mammals and birds. It suggests independent and parallel
glial evolutionary processes in amniotes and chondrich-
thyans, seemingly correlated with the thickening of the
brain wall, and the growing complexity of the brain.
There is no strict correlation, however, between the re-
placement of radial ependymoglia with astrocytes, and
the local thickness of the brain wall.
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Introduction

The formation of a myelinated central nervous system
required a divergent evolution of macroglial cells into
oligodendroglia and astroglia. Astroglia from each gna-
thostome class are marked by glial fibrillary acidic pro-
tein (GFAP; Dahl and Bignami 1973; Onteniente et al.
1983; Dahl et al. 1985). Its presence in agnathans is con-
troversial (Onteniente et al. 1983; Bignami et al. 1992;
versus Wasowicz et al. 1994; Wicht et al. 1994). Chon-
drichthyans are phylogenetically close to the ancestors
that developed a myelinated nervous system (Bullock et
al. 1984; Wahneldt et al. 1986; Wahneldt 1990; Martin et
al. 1992), and most divergent from other gnathastomes
(Northcutt 1981; Butler and Hodos 1996). Whereas all
other gnathostomes have an endothelial cell-based
blood-brain barrier, chondrichthyes have a glial cell-
based blood-brain barrier (Bundgaard and Cserr 1981,
1991; Gotow and Hashimoto 1984). Therefore it is im-
portant to include chondrichthyans in the comparative
studies of glia.

Members of all major vertebrate radiations (agna-
thans, chondrichthyans, actinopterygians and sarc-
opterygians), have one of the two brain organizations:
type I (“laminar”) or type II (“elaborated”; Butler and
Hodos 1996). In type I brains, neurons either remain in
the periventricular zone or migrate only short distances
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from it. In type II brains, neurons migrate extensively,
and therefore these brains are larger and are composed of
numerous nuclei. Based on this classification, batoids
(rays and skates) and galeomorph sharks have type II
brains, whereas squalomorph and squatinomorph sharks
and chimeras have type I brains (Butler and Hodos
1996). Related to the body weight, the telencephalon is
relatively small in these latter three groups, comparable
to that of amphibians, whereas in batoids and galeo-
morph sharks the relative weight of the telencephalon is
four to fifteen-fold greater (Northcutt 1981), and there-
fore comparable to that of birds and mammals. Batoids
and galeomorph sharks have thick brain walls and nar-
row ventricles, whereas other chondrichthyans have thin-
walled brains with wide ventricles. In batoids and galeo-
morph sharks numerous accessory sulci lend a foliated
appearance to the cerebellum (Nieuwenhuys 1967). In
these groups such cerebral connections exist that resem-
ble those found in mammals, e.g. ascending thalamo-pal-
lial pathways, but not in amphibians and teleost fishes
(Northcutt 1981).

At the turn of the 19th and 20th centuries several pa-
pers investigated the glia of the cartilaginous fishes by
impregnation methods (e.g., Houser 1901). Horstmann
(1954) both reviewed the early work and carried it fur-
ther. Immunostaining against GFAP, effective in all gna-
thostomes including chondrichthyans (Squalus acan-
thias: Dahl and Bignami 1973; Gould et al. 1995; Must-
elus canis, Raia ocellata: Dahl et al. 1985), has allowed
further comparisons. The previous immunohistochemical
studies of GFAP in chondrichthyans, however, were con-
fined to the demonstration of the cross-reactivity with
mammalian anti-GFAP antibodies in vitro, and in some
tissue samples, but did not map the distribution of the
GFAP-immunopositivity systematically. It is to be noted
that a recent study (Chiba 2000) detected another glial
marker, S-100 in sharks (Scyliorhinus torazame and
Mustelus manazo).

The present study demonstrates that the tendency of
astroglial specialization in cartilaginous fishes is similar
to that which has been found in amniotes (Onteniente et
al. 1983; Linser 1985; Hajós and Kálmán 1989; Kálmán
and Hajós 1989; Bodega et al. 1990; Monzon-Mayor et
al. 1990; Yanez et al. 1990; Zilles et al. 1991; Kálmán et
al. 1993; 1994; Kálmán 1998), i.e., astrocytes become
predominant to ependymoglia, and the expression of
GFAP regresses. Representative cartilaginous fishes with
type I and type II brains, namely spiny dogfish (Squalus
acanthias) and little skate (Raia erinacea), respectively,
were used.

In this paper, the term “ependymoglia” refers to every
glial element having perikarya in the ependyma. “Radial
glia” refers to fibers that are oriented from the ventricle
to the meningeal surface, independently of perikaryal po-
sition, while “radial ependymoglia” display both fea-
tures. “Fibers” refers to GFAP-immunopositive glial fi-
bers, unless otherwise specified. “Astrocyte” refers to
stellate-shaped cells, whereas the term “astroglia” com-
prises astrocytes as well as the related glial structures,

including ependymoglia and radial glia, in accordance
with the terminology used by Mugnaini (1986).

Materials and methods

A young male spiny dogfish, Squalus acanthias, (25 inches long)
and a male little skate, Raia erinacea, (18 inches long) were ob-
tained at the Marine Biological Laboratory, Woods Hole, Mass.
The animals were anaesthetised with 0.01% MS-222 (Sigma) in
ice-cold seawater. When they became insensitive to handling, they
were perfused through the exposed aorta with 4% paraformalde-
hyde in a 10% sucrose and 0.1 M phosphate buffer (pH 7.4). After
perfusion the brains were removed and postfixed overnight 
in fresh fixative. Brains were rinsed in phosphate buffer (0.1 M,
pH 7.4), embedded in agar, and 100-µm-thick serial sections were
cut in the coronal plane with a vibration microtome (Vibratome).
After overnight washing in phosphate buffer, the floating sections
were pre-treated with 3% H2O2 (for 5 min) to suppress the endog-
enous peroxidase activity, and then incubated in 20% normal goat
serum (for 1.5 h, at room temperature) to block the nonspecific an-
tibody-binding. These and all subsequent steps included rinses
with phosphate buffer between reagent changes. The primary anti-
body was mouse-monoclonal immunglobulin prepared against
porcine GFAP (Boehringer, Mannheim), and applied at a 1:100 di-
lution (v:v; the final antibody concentration was 200 ng/ml) in
phosphate buffer that contained 0.5% Triton X-100, for 60 h at
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Fig. 1 Schematic drawings in cross-section of the Squalus telen-
cephalon, in rostro-caudal order (a to d, a and b represent only
one hemisphere). Note the large ventricle (V; MP, LP medial and
lateral pallia, respectively; S septum; TOl origin of the olfactory
tract). The ventricles fuse caudally (d), where the medial pallium
forms an interhemispheric bridge. A dorsal recess (lowercase v, on
the right side, which demonstrates a more caudal position) appears
to be separated from the main (ventral) ventricle in cross sections.
Bar 1 mm

Fig. 2 Enlarged part of Squalus telencephalic wall. Note the rela-
tively even distribution of the radial fibers. These fibers start thick
(arrowhead) at the ventricular surface (V), become thinner (small
double arrowhead) toward the middle and then thicken into end-
feet (white asterisk) at the meningeal surface (M). Their course is
wavy, mainly near the surfaces. Four zones can be distinguished;
thick arrows are oriented corresponding to the courses of the bor-
ders. Near the ventricle the radial fibers predominate, then a net-
work of irregular fibers enmeshes them, then radial fibers become
dominant again, and near the meningeal surface the fiber system
seems to be denser due to the thickenings toward the endfeet. 
Arrows point to vessels with fine glial plexuses. Bar 60 µm

Fig. 3 In Squalus, glial fibers (arrowheads) follow an arching
course where the thickness of the telencephalic wall is uneven,
e.g., in the thickening of the medial pallium (V ventricular surface,
arrows vessels – note the plexuses of fine glial fibers around
them). Bar 60 µm

Fig. 4 Perivascular glia in the Squalus telencephalon. Thick radial
fibers seem to form en passant contacts (arrows) or endfeet
(curved arrow) on the blood vessels. Thin other glial fibers (ar-
rowheads) form plexuses around the vessels. Bar 15 µm

Fig. 5 In the lateral pallium of Squalus, near the emergence of the
olfactory tract, thin irregular fibers (small double arrowheads)
predominate around the coarse fibers (arrowheads) and vessels
(arrows; curved arrow points to an endfoot). Bar 60 µm

Fig. 6 Squalus septum. On each side, collaterally to the midline, a
zone (thick arrows) has a relative paucity of fibers. Most fibers
end at the border of this zone, only few penetrate to the vessels
(arrows). Bar 60 µm
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4°C. After that the sections were incubated with a secondary anti-
body, biotinylated rabbit anti-mouse immunoglobulin, then with
streptavidin-biotinylated horseradish peroxidase complex, both re-
agent produced by Amersham, and applied at a dilution 1:100 in
phosphate buffer, for 1.5 h at room temperature. The immunocom-
plex was visualized by incubation with 0.05% 3,3’-diaminobenzi-
dine in 0.05 M TRIS-HCl buffer (pH 7.4) that contained 0.01%
H2O2, for 10 min, at room temperature.

For orientation, every second section was stained with cresyl
violet according to Nissl. With a microscope slide projector, a
rostrocaudal series of drawings was made that showed the con-
tours of the original sections of interest. All photomicrographs dis-
play GFAP-immunostained sections. The identification and no-
menclature of brain structures are based on the descriptions of
Ariens-Kappers et al. (1960), and Butler and Hodos (1996), and
the atlas of Smeets et al. (1983). Additional related information
can be found in Northcutt (1978) and Nieuwenhuys et al. (1997),
especially for the telencephalon in Northcutt (1981), for the tec-
tum in Schroeder and Ebbesson (1975), for the brain stem in
Smeets and Nieuwenhuys (1976), and for the cerebellum in 
Nieuwenhuys (1967).

Results

Squalus acanthias: telencephalon

The spiny dogfish telencephalon comprises paired olfac-
tory bulbs and evaginated hemispheres, and a caudal tel-
encephalon medium. Structure of the telencephalon is il-
lustrated in Fig. 1. The hemispheres contain large ventri-
cles surrounded by a relatively thin brain wall, typical of
type I brain structure. Caudally, the hemispheres fuse,
have a common ventricle, and the dorsal and medial pal-
lia form an interhemispheric bridge. The bridge appears
as a slight bulge of the roof of the common ventricle.
From the common ventricle dorsal recesses extend
dorsocaudally, which appear as separate cavities in the
sections of the most caudal part (see Fig. 1d, right side).

The GFAP immunoreactivity appears relatively even
throughout the telencephalon. In the telencephalic wall
the predominant GFAP immunostained elements are ra-
dial fibers that span the brain wall from the ventricle to
the meningeal surface (Fig. 2). From the ventricular sur-
face the fibers start thick, thin toward the middle and
then thicken again and form endfeet on the meningeal
surface. Their course is slightly wavering, mainly near
the surfaces. According to the characteristics of the fi-
bers, four zones can be distinguished. Near the ventricle
the radial fibers predominate, then a network of irregular
fibers enmeshes them, then radial fibers become domi-
nant again, and near the meningeal surface the fiber
system seems to be denser due to the thickenings toward
the endfeet. The glial fibers follow an arched course
where the thickness of the brain wall is uneven, e.g., in
the bulky part of the medial pallium (Fig. 3). Radial fi-
bers also seemed to form endfeet and en passant contacts
on the vessels (Fig. 4). Plexuses of fine perivascular glial
fibers also contributed to the perivascular glia. In the lat-
eral pallium, near the emergence of the olfactory tract,
thin irregular fibers predominate the full thickness of the
wall (Fig. 5). Other than here, neither telencephalic areas

nor nuclei are distinct with GFAP immunostaining. In
the septum, in the fused walls of the hemispheres the ra-
dial fibers are oriented toward the midline. Most fibers
do not cross the midline, but leave a zone of relative
paucity of fibers collateral to the midline on each side
(Fig. 6).

Squalus acanthias: diencephalon and mesencephalon

The diencephalon and mesencephalon are described to-
gether since in several sections both are present (see con-
tours in Fig. 7). The optic chiasm (Figs. 8, 9) and tracts
(Fig. 10) have relatively few GFAP-immunopositive fi-
bers, which form septa between the optic fiber bundles.
Most parts of the diencephalon contain a dense, almost
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Fig. 7 Schematic drawing of cross-sections of the Squalus dien-
cephalon and mesencephalic tectum, in rostro-caudal order (a–d;
ChO optic chiasm, CP posterior commissure, Hb habenula, Hy hy-
pothalamus; LI inferior lobe of hypothalamus, RI recess of the
third ventricle in the inferior lobe of hypothalamus, Th thalamus,
TO optic tract, TeO tectum, 3V third ventricle – its roof, the lamina
epithelialis, is missing; the site of its attachment is marked by dou-
ble arrow, VT tectal ventricle, asterisk pineal recess, arrow central
grey matter – see enlarged in Fig. 13). Bar 0.8 mm

Fig. 8 Cross-section of the Squalus diencephalon at the level of
the optic chiasm (ChO), corresponding to the drawing in Fig. 7a.
The chiasm has relatively little GFAP immunopositivity, which is
represented by glial septa (arrowheads) between the optic fiber
bundles (see enlarged in Fig. 9, lower middle part of the panel).
Other regions are colonized by dense and thin glial fibers (small
double arrowheads). The roof of the third ventricle (3 V) is miss-
ing (M meningeal surface). Bar 300 µm

Fig. 9 Enlarged detail of the optic chiasm. Arrowheads point to
the glial septa between the bundles of optic fibers. Bar 60 µm

Fig. 10 Cross-section of the Squalus diencephalon, between Figs.
7b and 7c. In the optic tract (TO) the only GFAP-immunopositive
elements are glial septa (arrowheads) between the optic fiber bun-
dles. Other regions (Hb habenula, Th thalamus, Hy hypothalamus)
are colonized by thin fibers, which are less densely packed around
the inferior recess (RI) of the third ventricle (3V) in the inferior
lobe of the hypothalamus. The bottom and the roof of the third
ventricle (3V) are missing, the attaching place of the roof (lamina
epithelialis) is pointed by double arrow (M meningeal surface).
Bar 300 µm

Fig. 11 Enlarged part of the wall of the inferior recess in the infe-
rior lobe of the hypothalalmus (M, V meningeal and ventricular
surfaces, respectively). The fibers are thin (arrowheads) near the
ventricle, course in a radial direction, and form thick meningeal
endfeet (curved arrows). Arrows point to vessels with plexuses of
fine glial fibers. Bar 60 µm

Fig. 12 The posterior commissure (CP) of Squalus, and the sur-
rounding areas. The middle part of the commissure is not in the
plane of section, which is behind Fig. 7d. The area of the tracts
that collect into the commissure is light, poor in GFAP-immuno-
positive structures, which are mainly coarse septa (arrowheads)
between the nerve fiber bundles. Other regions are rich in GFAP-
immunopositive fibers, especially the central grey (G; 3V third
ventricle, VT tectal ventricle). Bar 300 µm

Fig. 13 Enlarged detail of diencephalic central grey (G). Arrow-
heads mark radial fibers emerging from the grey matter, curved
arrow points to light spots corresponding bundles of nerve fibers.
Bar 60 µm
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Fig. 14 Schematic drawings of Squalus diencephalon and mesen-
cephalon in cross section, arranged in rostro-caudal order (a–b),
continuous with drawings in Fig. 7 (RI inferior recess of the third
ventricle, TeO optic tectum, VT tectal ventricle, short arrows central
grey matter, long arrow points to the infundibulum). Bar 0.8 mm

Fig. 15 Enlarged part of the Squalus optic tectum. GFAP immuno-
positivity is quite evenly distributed with only slightly alterations
in each tectal layer. The stratum superficiale (SF) contains only ra-
dial fibers forming endfeet on the meningeal surface (M). In the
stratum album centrale (CA) there are bundles of myelinated nerve
fibers (light spots indicated by curved arrows), whereas stratum
griseum centrale (CG) contains only a dense system of radial fibers
(small arrowheads) and other glial fibers. The periventricular layer
(PV) has bundles of ependymal fibers which frequently surround
vessels (double arrowheads; VT tectal ventricle). Bar 60 µm

Fig. 16 Enlarged part of the Squalus mesencephalic tegmentum, be-
tween Figs. 14a and 14b. Radial fibers predominate. A denser fiber
network marks the central grey (G), while light spots (curved arrows)
correspond to bundles of nerve fibers (VT tectal ventricle). Bar 60 µm

Fig. 17 Schematic drawings of the cross-sections of the Squalus
rhombencephalon, in caudo-rostral order (a–e). The right sides of
the drawings represent more rostral situations (arrows grey matter,
single arrowheads the molecular layer of cerebellar crest, Cr, later
that of auricules, superior and inferior, AS and AI respectively, 
g the grey matter of cerebellar crest, R area of reticulated glial
composition – see Fig. 20, 4V fourth ventricle, its roof is missing,
double arrowheads midline glial deptum, double arrow emergence
of a cranial nerve). Bar 1 mm

Fig. 18 Detail of the spinal cord of Squalus, the dorsal side is to
left. The grey matter (G) has a dense fiber system. The nerve fiber
bundles of the white matter (W) are separated by glial fiber bun-
dles (arrowheads; C central canal, FLM medial longitudinal fas-
ciculus). Bar 50 µm

Fig. 19 The “closed” part of the Squalus rhombencephalon, cau-
dal to Fig. 17a. Three territories are distinguished: (1) grey matter
(G) contains fine, dense, less regular fibers; (2) white matter (W)
has large GFAP-free fields of nerve fibers, interspersed with glial
fiber bundles; (3) a reticulated glial composition (R see enlarged
in the next figure), which consists of thick bundles of glial fibers
surrounding small light, GFAP-free spots. Its position approxi-
mately corresponds to that of the formatio reticularis (C central
canal, FLM medial longitudinal fascicle, double arrowheads dor-
sal and ventral glial septa). Bar 300 µm

Fig. 20 Detail of the reticulated glial composition seen in the pre-
vious figure. Thick bundles of glial fibers surround small light,
GFAP-free areas (C central canal, G grey matter, double arrow-
head dorsal glial septum). Bar 60 µm

Fig. 21 Medial zone of the “open” part of the Squalus rhomben-
cephalon. This region consists of neural tracts (FLM medial longi-
tudinal fascicle), which are divided into bundles by glial septa 
(arrowheads). In the midline a thick population of fine, evenly
distributed fibers forms a median septum (Sm), which widens fan-
shaped toward the meningeal surface (M). The confined grey mat-
ter (G) contains densely packed fibers (arrows point to vessels, 
4V fourth ventricle). Bar 150 µm

Fig. 22 Intermediate zone of the “open” part of the Squalus
rhombencephalon. Its structure mainly reflects the reticulated glial
composition (R) seen in Fig. 20. The glial structures of grey matter
(G; LX vagal lobe, see lateral arrows in Figs. 17b, c) and white
matter (W) are confined near the fourth ventricle, 4V, and the men-
ingeal surface, M, respectively. Bar 150 µm

Fig. 23 The lateral zone of the “open” part of the Squalus rhomb-
encephalon with a portion of cerebellar crest (Cr; G grey matter, 
g the grey matter of cerebellar crest, m the molecular layer of cere-
bellar crest, M meningeal surface, R reticulated glial composition,
4V fourth ventricle, W glial pattern of white matter, near the emer-
gence of a cranial nerve, see double arrow in Fig. 17c). Bar 300 µm
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obscure system of fine glial fibers, the highest amounts
running between the ventricular and meningeal surfaces.
The glial fibers are less densely packed around the infe-
rior recess of the third ventricle, in the inferior lobe of
the hypothalamus (Figs. 10, 11). These fibers start thin at
the ventricle, course in a radial direction, in general, and
form thick meningeal endfeet. Nerve tracts that collect in
the posterior commissure have relatively few GFAP-
immunopositive glial fibers (Fig. 12), which separate the
nerve fiber bundles. The other parts were rich in GFAP-
immunopositive fibers, especially the central grey 
(Fig. 13). The radial fibers are almost obscured by the
fine irregular fibers; they are conspicuous only where
emerging from the central grey.

The Squalus tectum is formed by thin-walled domes
that overlie the large tectal ventricle (Fig. 14). Radial fi-
bers are the main GFAP-immunopositive elements, they
are quite uniformly distributed, even with slight differ-
ences in each tectal layer (Fig. 15). The tectum has four
layers: stratum periventriculare (or cellulare internum),
stratum album centrale (or medullare internum), stratum
griseum centrale (or cellulare externum) and stratum su-
perficiale (or medullare externum) (Ariens-Kappers et al.
1960; Schroeder and Ebbesson 1975; Butler and Hodos
1996). The superficial layer contains fine, evenly distrib-
uted radial fibers forming endfeet on the meningeal sur-
face. In the stratum album centrale myelinated nerve fi-
ber bundles appear as light spots. The stratum griseum
centrale lacks these spots and is filled with a dense net-
work of fine fibers. The periventricular layer contains
ependymal fiber bundles, frequently grouped around per-
pendicularly oriented vessels.

In the mesencephalic tegmentum, radial fibers also
predominate. A dense fiber network marks the central
grey (Fig. 16), with light areas corresponding to myelin-
ated nerve fiber bundles including the medial longitudi-
nal fascicle.

Squalus acanthias: spinal cord and rhombencephalon

Here the description begins at the spinal cord and contin-
ues rostralward. The contours of the rhombencephalon are
illustrated in Fig. 17, with a part of the cerebellum, the
cerebellar crest. This latter structure (crista cerebelli, lobus
lineae lateralis anterior, see Nieuwenhuys 1967; Butler
and Hodos 1996) is found only in fishes, and is integrated
with the brain stem as it forms the rim of the rhombence-
phalic fossa. The contours of the cerebellar crest become
complex rostralward, where it continues into the auricles
of cerebellum (Fig. 17e; see also next subsection).

In the spinal cord (Fig. 18) the grey-matter astroglia
consist of a dense meshwork of fine glial fibers, whereas
the white matter contains glial fiber bundles that ema-
nate from the grey matter toward the meningeal surface.
Unstained regions represent myelinated nerve-fiber bun-
dles.

The closed posterior part of the rhombencephalon
(Fig. 19) resembles the spinal cord, except it has a wider

central canal. A transitional area appears, however, be-
tween the grey and white matters. In this area loose yet
thick bundles of glial fibers surround relatively small
light, GFAP-free spots that likely represent myelinated
nerve fiber bundles (Fig. 20) Therefore, a “reticulated”
glial composition is formed, which shares characteristics
of both grey and white matter, alternatively. Its position
approximately corresponds to that of the formatio reti-
cularis. Otherwise, the glial staining patterns of grey and
white matters were similar to the spinal cord.

In the anterior, “open” part of the rhombencephalon,
in the medial zone the medial longitudinal fascicle con-
tains only a few dispersed GFAP-immunopositive glial
fiber bundles, generally oriented toward the basal sur-
face (Fig. 21). The confined grey matter contains a fine,
dense, almost obscure fiber system. A fine evenly-dis-
tributed fiber population of the median glial septum wid-
ens to a fan-shaped structure ventrally. More lateral, in
the intermediate zone of the section, the aforementioned
“reticulated” glial composition predominates (Fig. 22).
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Fig. 24 Enlarged detail of the cerebellar crest of Squalus. The gli-
al pattern distinguishes the molecular layer (m) from the grey mat-
ter (g). Arrows point to vessels, note the plexus of fine glial fibers
around them (M meningeal surface). Bar 60 µm

Fig. 25 Schematic drawings of cross-sections of the Squalus cere-
bellum (a–d), and their positions in a sagittal section e. Fig. 25a is
rostral to Fig. 17e. The cerebellar corpus extends over both the
mesencephalon and the rhombencephalon, and has a similar struc-
ture in both directions (ChO optic chiasm, EM median eminence,
VC cerebellar ventricle – note its recesses pointed in Fig. 25a, VT
tectal ventricle, 4V fourth ventricle. The dotted line in the longitu-
dinal section show the position of the missing roof, the lamina epi-
thelialis, of the ventricle. Arrowheads mark the molecular layer, g
granular layer (granular eminence), small arrow (in a, e) points to
the so-called “lower lip”, and the eminentia ventralis. Double ar-
rowhead indicates the medial longitudinal fasciculus, double ar-
row points to the dorsal glial septum in the cerebellum. In Fig. 25b
asterisk and double asterisk mark the positions of Figs. 26 and 28,
respectively). Bar 1 mm

Fig. 26 Cerebellum of Squalus. The anatomical position is
marked with asterisk in Fig. 25b. The relationship betweeen the
granular layer (granular eminence, g) and the molecular layer (m)
is conspicuous (M meningeal surface, P zone of Purkinje cells, 
VC cerebellar ventricle, double arrow points to the dorsal glial
septum, arrows point to the vessels pointed also in Fig. 27 or 29).
Bar 120 µm

Fig. 27 Detail of the granular eminence. Note the thick plexus 
of glial fibers. Arrows point to the same vessels as in Fig. 26 
(VC cerebellar ventricle). Bar 60 µm

Fig. 28 Detail of the molecular layer (m) where it is not adjacent
to the granular eminence. The anatomical position is marked with
double asterisk in Fig. 25b. Note the fine fibers (double arrow-
heads) in the molecular layer. These fibers originate from the Pur-
kinje cell layer (P) and are oriented toward the meningeal surface
(M), like Bergmann glia. Coarse glial fiber bundles (arrowheads)
separate the nests of Purkinje cells (VC cerebellar ventricle, arrow
points to a vessel). Bar 60 µm

Fig. 29 Detail of the molecular layer (m), where it is adjacent to
the granular eminence. Note the fine fibers (small double arrow-
heads) like Bergmann glia in the molecular layer. At this segment
of the molecular layer transverse fibers are also seen (curved ar-
rows; M meningeal surface, P Purkinje cells; arrow points to the
same vessel as in Fig. 26). Bar 60 µm
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The glial structures of the grey and white matters are
confined near the ventricular and meningeal surfaces, re-
spectively. The lateral zone of the sections continues into
the aforementioned cerebellar crest. The glial patterns
(Fig. 23) of the grey matter, the “reticulated” glial com-
position, and the white matter (at the emergence of crani-
al nerves) are similar to the more medial regions. In the
cerebellar crest (Fig. 24) the grey matter also contains a
dense, obscure fiber system, and a molecular layer like
in the cerebellum is distinguished by less densely packed
fibers perpendicular to the surface.

Squalus acanthias: cerebellum

The structure of the cerebellum is demonstrated in the
drawings of Fig. 25 (after Nieuwenhuys 1967). The
large, complex oval-shaped cerebellar corpus overlies
the medulla and the midbrain. The rostral and caudal
ends of the corpus, therefore, seem to be separate in
cross-section from the mesencephalon and the rhomben-
cephalon, respectively. The cerebellar corpus encloses a
large cerebellar ventricle, which is confluent with the
fourth ventricle. Around the cerebellar ventricle, four
walls can be distinguished. The caudal wall ends in a so-
called “lower lip”, a band of nervous tissue above the
fourth ventricle. Due to the turning of the caudal cerebel-
lar wall, the “lower lip” is separated from the cerebellar
corpus by a deep groove. The rostral wall is continuous
with the tectum as well as the lateral walls with the pons.
Inside the ventricle, there are paired columns, the granu-
lar eminences. They run adjacent to the cerebellar mid-
line, on both the roof of the ventricle and its floor, where
they turn caudally on the lower lip as a paired eminentia
ventralis. Here they are continuous with the upper leaves
of the auricules (see also Fig. 17e), while these latter re-
flex into the lower leaves, and therefore finally the gran-
ular eminences are continuous with the grey matter of
cerebellar crest described in the previous subsection.

The granular eminences overlap only the medial por-
tions of the molecular layer. Their glial structures are
easy to distinguish by GFAP immunostaining (Fig. 26).
The granular eminence contains a thick plexus of irregu-
larly coursing fibers (see also Fig. 27), whereas the mo-
lecular layer contains a dorsal glial septum in the mid-
line, and fine fibers that are perpendicular to the menin-
geal surface and originate in the zone of Purkinje cells
(Fig. 28). These fibers resemble Bergmann glia. Thick
fiber bundles outline nests for the Purkinje cells. Where
the molecular layer is adjacent to the granular eminence
(Fig. 29), transverse fibers are also present.

Raia erinacea: telencephalon

The contours of the rostral part of the Raia telencephalon
are illustrated in Fig. 30. Compared with spiny dogfish,
little skate telencephalic ventricles are small and ex-
tremely narrow, and are not found in the most rostral

brain sections. The hemispheres fused with each other in
their full length. The skate telencephalon has compara-
tively few GFAP-immunopositive elements, which are
unevenly distributed. The GFAP immunoreactivity is
confined to periventricular, perivascular and submenin-
geal glia (Figs. 31, 32), and the latter two are mainly as-
trocytic in nature. More astrocytes have been found in
the medial part of the telencephalon, which is demarcat-
ed by sagittal planes through the ventricles (i.e., the sep-
tum and the medial pallium), than in the lateral pallium.
In the medial part two systems of vessels can be distin-
guished. One contains thin vessels and located dorsally,
in the medial pallium, the other one consists of thick ves-
sels at the midline, rostroventrally, in the septum.

The perivascular glia in the telencephalon is com-
posed from single short fibers and astrocytes (Figs. 32,
33), but the perikarya-like empty circles on the vessels
suggest that the fibers originate from the vessels and do
not end on them (Fig. 33). Note that larger vessels have a
denser perivascular glia than smaller vessels.

The meningeal surface of the Raia telencephalon is
colonized with astrocytes (Fig. 34). These cells are
spread along the surface like starfish on the bottom of
the sea. The GFAP-free places of nuclei are easily seen.
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Fig. 30 Schematic drawings of the cross-sections of the anterior
portion of the Raia telencephalon, in rostro-caudal order (a–c).
Note the narrow ventricles (V), which do not extend into the ros-
tral part (Fig. 30a) of the telencephalon. Dotted contours within
the telencephalon surround the GFAP-rich areas that are mainly
around the vessels and the ventricle. Note these areas are absent in
the rostral part (Fig. 30a). (MP, LP medial and lateral pallia, re-
spectively, S septum, TOl olfactory tract). Bar 1 mm

Fig. 31 The medial part of the Raia telencephalon (corresponding
to Fig. 30c). The GFAP immunopositivity is confined to the peri-
vascular glia (double arrowheads, see a similar area enlarged in
the Fig. 32), submeningeal glia (arrowheads, see a similar area en-
larged in Fig. 34) and periventricular glia (curved arrows; V ven-
tricle, see a similar area enlarged in Fig. 35). Note the heavy la-
beled perivascular glia of the vessels (large double arrowheads) in
the midline (S septum) and the dense system of thin vessels in the
medial pallium (MP). Bar 300 µm

Fig. 32 Submeningeal and perivascular glia in the medial pallium
(MP), similar to that seen in Fig. 31. Note the endpieces of 
perpendicular fibers (arrowheads) below the meningeal surface.
Double arrowheads point to vessels. Bar 150 µm

Fig. 33 Perivascular glia in the Raia telencephalon, enlarged from
the right upper corner of Fig. 32. Stellate-shaped cells and single
fibers are visible. The fibers originate from perikarya-like clear
circles (arrows) on the vessels. Note that larger vessels have dens-
er perivascular glia than the smaller ones. Arrowhead points to 
the endpiece of a fiber perpendicular to the meningeal surface. 
Bar 60 µm

Fig. 34 The meningeal surface is lined by astrocytes which are
spread along it in Raia. Arrows point to the GFAP-free places of
nuclei, arrowheads point to the endpieces of fibers perpendicular
to the meningeal surface. Because the figure represents the ventro-
lateral surface of the lateral pallium (LP), it is not particularly rich
in vessels. Bar 60 µm

Fig. 35 Ventricle (V) and associated radial fibers (curved arrows)
in Raia telencephalon, similar to that seen in Fig. 31. The radial
glia seem to be confined to an area near the ventricles, the fibers
cannot be traced to the meningeal surface. Bar 150 µm
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Single fibers are also found, which run perpendicular to
the meningeal surface, in greater number along the dor-
sal surface (Fig. 32). The perikarya that belong to them
are not apparent.

Dense systems of radial glia are confined to regions
just above the ventricles (Fig. 35). They orient toward
the dorsal surface, but cannot be followed there.

In the olfactory tract (Fig. 36) glia form long fibers,
which course longitudinally in parallel with the nerve fi-
bers, and not perpendicular to the meningeal surface, as
it would be expected for radial glia. These fibers did not
penetrate the pallium.

Proceding caudalward from the olfactory tract toward
the optic chiasm the ventricles join to form a single cavi-
ty (Fig. 37), and two dorsal recesses extend from them.
In this posterior part of the telencephalon the types of
GFAP-immunopositive elements (Fig. 38) are similar to
those seen previously, except for the regions where the
dorsal recesses of the ventricular system come near the
meningeal surface (Fig. 39). Here alone, radial fibers
could be followed to the meningeal surface. In contrary,
where the ventricles join ventrally, only weak ventral
and dorsal midline glial septa represent the radial glia
(Fig. 40). In the lateral pallium high-power view reveals
fine scattered fibers (Fig. 41), which point toward the
meningeal surface.

Raia erinacea: diencephalon and mesencephalon

Contours of the diencephalon and mesencephalon, which
are found together in several sections, are illustrated in
Fig. 42. The shape of the Raia optic tectum is quite dif-
ferent from that of Squalus, although they share the same
cytoarchitectonic layers (Ariens-Kappers et al. 1960;
Butler and Hodos 1996). The Raia mesencephalic ventri-
cle, however, is relatively narrow and triangular, and the
tectal wall is thick.

Few GFAP immunoreactive elements are found in the
diencephalon and mesencephalon (for general views, see
Figs. 43, 44). The astrocytes, however, although scarce,
are so large that it is easy to find them even under low-
power objective (see also Fig. 42). The anterior part of
the diencephalon (Fig. 43) contains a prominent fan-
shaped radial fiber system with its apex pointed toward
the ventricle. This fiber system, which is dense in the
middle, but less dense laterally, penetrates the optic chi-
asm, too. The most lateral region of the diencephalon
contains astrocytes but no long fibers. The lobus inferior
of the diencephalon is relatively large, with an inferior
recess of the third ventricle, which is surrounded by
GFAP-immunopositive ependymal cells (Fig. 44, inset in
the right lower corner). Ependymal cells do not express
GFAP immunopositivity anywhere else in the ventricular
system. In both the diencephalon and mesencephalon the
meningeal surface is lined with astrocytes (Figs. 45, 46)
similar to that of the telencephalon.

The optic nerve is penetrated by dense GFAP-
immunopositive perpendicular fibers, with intermingled

astrocytes (Fig. 47). In contrast, in the optic tract only a
few but large astrocytes are visible, as well as a few glial
fibers oriented along the nerve fibers (Fig. 48). The pos-
terior commissure contains astrocytes as well as perpen-
dicular and horizontal glial fibers, the latter ones running
along the nerve fibers (Fig. 49).

Radial glia are present in the diencephalon, and to a
lesser extent in the mesencephalon. The radial glial
system that predominates in the middle of the diencepha-
lon, is intermingled with astrocytes (Figs. 43, 50). In the
midbrain tegmentum even at high-power very few long
fibers appear, which are oriented to the meningeal sur-
face (Fig. 51). Otherwise the radial fiber system is con-
fined to the midline in the mesencephalon, as the dorsal
and ventral glial septa (Figs. 52, 53). The fibers clearly
run from the ventricle to the meningeal surface. Long
glial fibers form endfeet in the medial side of the optic
tectum, immediately above the posterior commissure
(Fig. 54). Their origin could not be traced.

In both the diencephalon and mesencephalon large as-
trocytes are found scattered, mainly below the meningeal
surface, and to a lesser extent near the ventricle (see
scattered dots in Fig. 42). A more dense population is lo-
cated at the juncture of the tegmentum and optic tectum
(Figs. 44, 55). Typical astrocytes are seen enlarged in
Figs. 55 to 59. These astrocytes lie far from vessels and
are unusually large compared with the perivascular as-
trocytes in the mesencephalon (Fig. 51) and telencepha-
lon (Fig. 33). They are also much larger than typical
mammalian or avian astrocytes. Their arborization ap-
pears to consist of two to four thick main branches, each
spreading to fine secondary branches. Intermediate
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Fig. 36 Longitudinally arranged glial fibers in the olfactory tract
(TOl) of Raia. Note the abrupt disappearance of staining at the ori-
gin of the tract (to right). Bar 100 µm

Fig. 37 Schematic drawings of the cross-sections of the posterior
Raia telencephalon, in rostro-caudal order (a–c). Caudalward the
ventricles (V) fuse ventrally (lower pointer), but extend dorsal re-
cesses (upper pointer). Dotted contours inside the telencephalon
surround the GFAP-rich areas around the vessels and ventricles.
Note they are absent in the most caudal part (c; ChO optic chiasm,
MP, LP medial and lateral pallia, respectively, S septum, small ar-
rows dorsal and ventral midline glial septa). Bar 1 mm

Fig. 38 The medial pallium (MP), corresponding to Fig. 37b. The
arrangement of the GFAP-immunopositive elements is similar to
that shown in Fig. 31 (note the identical marks: arrowheads sub-
meningeal glia, double arrowheads perivascular glia, curved 
arrows periventricular radial glia). The ventricles (V) are going to
fuse ventrally, but extend dorsal recesses (v). Bar 200 µm

Fig. 39 Dorsal recess (v) of the Raia ventricular system located
near the meningeal surface (see also in Fig. 37c). Radial fibers
(curved arrows) can be followed to the surface. MP, LP medial
and lateral pallia, respectively. Bar 200 µm

Fig. 40 The fused part of the ventricular system (V) in Raia, be-
tween Figs. 37b and 37c. Only faintly stained ventral and dorsal
midline glial septa represent the radial glia (arrows). Bar 200 µm

Fig. 41 Fine fibers (arrowheads) in the lateral pallium of Raia,
oriented toward the meningeal surface. Double arrowheads point
to vessels with perivascular astrocytes. Bar 60 µm
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forms between fiber-like and astrocyte-like glial ele-
ments are also visible (see also Fig. 54). It seems to be
noteworthy that astrocytes and radial glia fibers fre-
quently intermingle, e.g., in the middle of the diencepha-
lon, (Fig. 50), in the optic chiasm, (Fig. 47) and in the
posterior commissure (Fig. 49).

Raia erinacea: rhombencephalon and cerebellum

Our description follows a caudo-rostral direction. The
contours of the cross-sections, with a part of the cerebel-
lum, are shown in Fig. 60. In the “closed” part of the
rhombencephalon, caudal to the ventricle (Fig. 61) only
the midline septum and large glial septa between the
brain tracts (e.g., medial longitudinal fasciculus) are in-
tensely immunopositive. In more rostral sections, only
the grey matter in the corner of the ventricle contains in-
tensely GFAP-immunostained fibers (Fig. 62). In the
surrounding areas, a faint “reticular” glial pattern, resem-
bling that seen in Squalus (Figs. 19–23) is apparent.
Throughout the medial part of the rhombencephalon,
GFAP-immunopositive fibers are most prominent in 

the midline and in thick septa that separate brain tracts
(Fig. 63). In the intracerebral parts of cranial nerves a
number of GFAP-immunopositive fibers are parallel
with the nerve fibers. Other glial fibers form septa be-
tween the bundles of nerve fibers (Fig. 64). A few astro-
cytes are also detected here. Otherwise, however, no
GFAP-immunopositive astrocytes are present in the
rhombencephalon, in contrast to the more rostral brain
parts.

The cross-section of the Raia cerebellum indicates a
foliated structure. Actually, in skates sulci divide the cer-
ebellum into numerous folium-like sublobuli. These con-
volutions, however, involve the entire cerebellar wall in-
cluding its ventricular surface, whereas in mammals 
and birds only the outer wall surface forms the folia 
(Nieuwenhuys 1967). Only very few GFAP-immunopos-
itive elements are present in the Raia cerebellum: a few
huge astrocytes are noteworthy in the white matter, prov-
ing the effect of the staining (Fig. 65).

Discussion

As shown previously, both shark and skate astroglia can
be immunostained with mammalian anti-GFAP immun-
globulin (Squalus acanthias: Dahl and Bignami 1973;
Gould et al. 1995; Mustelus canis, Raia ocellata: Dahl 
et al. 1985). Our study extends the previous works, as 
it is the first to map systematically and compare GFAP-
immunopositive structures in whole chondrichthyan
brains. Despite the phylogenetical relationship between
Squalus acanthias and Raia erinacea (Smeets et al.
1983), there were striking differences in their astroglia.
On the basis of our GFAP study, the systematic differ-
ences are two:

1. In Raia radial glia were confined to a few areas, and
astrocytes occurred in every main brain area. In Squa-
lus radial glia were ubiquitous, predominant struc-
tures, whereas astrocytes were not seen.

2. In Raia most brain regions had only few GFAP-im-
munopositive structures, whereas in Squalus GFAP
immunopositivity was almost evenly distributed, ex-
cept in the gray and white matters of the spinal cord
and brain stem, and the granular and molecular layers
of the cerebellum.

In Squalus, GFAP staining distinguished layers in both
the telencephalon and the tectum as well as in molecular
and granular layers of the cerebellum. The meningeal
surface was lined by radial glial endfeet. Perivascular
glia were composed from a combination of endfeet, en-
passing contacts and thin fiber plexuses.

In Raia telencephalic, tectal and cerebellar layers
were not distinguished with GFAP immunostaining. The
meningeal and perivascular glia were composed mainly
of astrocytes. Radial ependymoglia were found in only a
few parts of the ventricular system. Only where the ven-
tricular system approached the meningeal surface (dorsal
recess of the telencephalic ventricle, midpart of the dien-
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Fig. 42 Schematic drawings of the cross-sections with Raia
diencephalon and mesencephalon, in rostro-caudal order (a–f).
(CP posterior commissure, LI lobus inferior of hypothalamus, RI
inferior recess of the third ventricle in the inferior lobe of hypo-
thalamus, TeO optic tectum, 3V third ventricle, VT tectal ventri-
cle). Arrowheads point to the dorsal and ventral midline glial septa
(see enlarged in Figs 43, 52 and 53), double arrowheads point to
the medial longitudinal fascicle, double arrow points to the torn
edge of the roof of the third ventricle (the lamina epithelialis). The
scattered points mark the positions of large astrocytes (see 
enlarged in Figs 55 to 59). Asterisk indicates the area shown in
Fig. 54. A part of the cerebellum (Cb) already appears, the dotted
line symbolizes the border of the cerebellar cortex, arrows point to
large astrocytes, for their photomicrograph see Fig. 63. Bar 1 mm

Fig. 43 Cross-section of the Raia diencephalon, at the optic chi-
asm, just rostrally from Fig. 42a. In the middle, a strongly stained
radial fiber system (arrowheads) fans out from the third ventricle
(3V) toward the basal surface. It penetrates (small arrowheads) the
optic chiasm (ChO). The fiber system is denser in the middle. In
the lateral part of the diencephalon there are no long fibers, only
astrocytes (arrows). Bar 200 µm

Fig. 44 Cross-section at the border of the diencephalon and mes-
encephalon of Raia, near Fig. 42c. Note the thick walls and that
large parts of the cross-section are poor in GFAP. Arrows indicate
GFAP-immunopositive astrocytes. (CP posterior commissure, 
LI inferior lobe of hypothalamus, TeO tectum, 3V third ventricle).
Arrowhead points to the ventral glial septum, a rest of the radial
fiber system shown in Fig. 43. Enlarged inset (lower right corner)
displays GFAP-immunopositive ependymal cells (curved arrows)
around the inferior recess (RI) of the third ventricle in the inferior
lobe of hypothalamus. Bar 300 µm; inset bar 30 µm

Fig. 45 Astrocytes on the meningeal surface of the Raia mesen-
cephalon. Similar limiting glia are present on other Raia brain sur-
faces. Note that astrocytes are spread along the surface. This posi-
tion is easy to study in the next Fig. 46. Arrows point to the
GFAP-free places of nuclei. Bar 60 µm

Fig. 46 Tangential section to the surface. Note that astrocytes are
spread along the surface and form a dense meshwork of processes.
Arrows point to the GFAP-free places of nuclei. Bar 60 µm
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cephalon, mesencephalic dorsal and ventral raphe) could
radial fibers be followed from surface to surface. It is to
be emphasized, however, that according to our results
Raia brain does contain radial fibers in several part of
the brain, only these fibers do not form a ubiquitous and
predominating system, and are frequently intermingled
with astrocytes. It seems likely that the periventricular
radial fibers, the fine, short fiber segments in the lateral
pallium (or in the mesencephalic tegmentum, respective-
ly), and the fibers that end at the meningeal surface are
components of the same glial system, only their continu-
ity is not obvious in sections.

Whereas glial structures were very different in the
prosencephalon and mesencephalon of the two species,
in the rhombencephalon they were quite similar, except
in the cerebellum. In both species, GFAP-immunoposi-
tive elements took on a “reticulated” composition, corre-
sponding to the formatio reticularis. The strongly-stained
midline glial septa and lesser glial septa that separate
nerve fiber bundles were also common to both species.

Our observations of the ependymoglial system of the
Squalus brain generally agreed with observations using
Cajal impregnation methods in Scyliorhinus canicula
(Horstmann 1954). However, by immunostaining against
GFAP we did not detect any astrocytes in the spiny dog-
fish brain. Smeets and Nieuwenhuys (1976) found pre-
dominantly radial glia in Squalus acanthias and (the
galeomorph) Scyliorhinus canicula brain stem applying

impregnation techniques. Roots (1986) also concluded,
from a review of data that used impregnation and elec-
tron microscopic methods, that shark brains contained
mainly ependymoglia. On Ginglymostoma ciriratum ep-
endymoglia (tanycytes) were reported by Schroeder and
Ebbesson (1975). The reports on astrocytes in sharks are
associated to galeomorph sharks (Horstmann 1954,
Scyliorhinus canicula; Long et al. 1968, by Cajal im-
pregnation and electron microscopy, Sphyrna zygaena,
Galeocerdo cuvieri and Ginglymostoma ciriratum).
These astrocytes were mainly concentrated around ves-
sels and along the meningeal surface, like those found by
us in Raia. Immunostaining of S-100 protein detected ra-
dial fibers, perivascular fibers and Bergmann glia in the
galeomorph sharks Scyliorhinus torazame and Mustelus
manazo, as well as a few astrocyte-perikaryon-like struc-
tures (Chiba 2000).

Horstmann (1954) observed astrocytes in Torpedo
marmorata and Raia radiata brains. However, he only
showed a single highly magnified area. Gotow and 
Hashimoto (1984) identified astrocytes in a sting ray
(Dasyatus akajei), by electron microscopy. The preferred
locations of astrocytes in Raia were around blood vessels
and at the meningeal surface. These locations are in ac-
cord with the fact that perivascular glia form the blood-
brain barrier in chondrichthyans (Bundgaard and Cserr
1981, 1991; Gotow and Hashimoto 1984). According to
Achucarro (1915), perivascular glia appear first indepen-
dently from ependymoglia in vertebrates.

Like chondrichthyans, teleost fishes also have high
amounts of ependymoglia. These are rather evenly dis-
tributed (except for a few confined areas, e.g., in the va-
gal and facial lobes). Teleosts also lack GFAP-immuno-
positive astrocytes (Kálmán 1998). Although the Squalus
glia resembled, more or less, that of bony fishes, neither
Raia, nor Squalus brain contained thick, extended ep-
endymoglial plexuses characteristic of teleost brains
(e.g., carp, Cyprinus carpio, Kálmán 1998) in the tectal
and rhombencephalic ventricles. In carp brain many glial
fibers are oriented parallel with nerve fibers. In Squalus
and Raia brains they are found only in a few areas, as the
optic chiasm, posterior commissure, olfactory tract, and
the emergence of cranial nerves. In Squalus the perivas-
cular glial consisted of plexuses of fine fibers as well as
endfeet and en passant connections of radial glia. Unlike
carp (Kálmán 1998), glial fibers do not appear to attach
along the vessels.

From our experience with astroglia in different am-
niotes (Hajós and Kálmán 1989; Kálmán and Hajós
1989; Kálmán et al. 1993, 1994), it seemed that differ-
ences between Squalus and Raia were much like differ-
ences between reptiles and mammals plus birds. Despite
their different origins (synapsid and diapsid, respective-
ly), mammals and birds have similar astroglia. In both
groups astrocytes predominate and the GFAP immuno-
positivity is unevenly distributed, i.e., large brain areas
are mostly devoid of it, despite the intense immunoposi-
tivity of adjacent areas (e.g., neostriatum and paleostria-
tum augmentatum in chicken, and the middle zone of
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Fig. 47 Detail of the optic chiasm of Raia, penetrated by GFAP-
immunopositive fibers (small arrowheads), and astrocytes (ar-
rows). Bar 40 µm

Fig. 48 Detail of the optic tract of Raia. Here astrocytes (arrows)
are scarce but extra large. A few glial fibers (arrowheads) are di-
rected along the optic fibers. Bar 100 µm

Fig. 49 Posterior commissure of Raia. Arrowheads point to per-
pendicular (i.e., radial) fibers. Another, strongly stained popula-
tion (curved arrows) runs transversally (i.e., along the nerve fi-
bers). Astrocyte-like forms (arrows) are also seen (3V third ventri-
cle). Bar 60 µm

Fig. 50 Radial glial fibers (arrowheads) in the medial part of 
the Raia diencephalon, intermingled with astrocytes (arrows). Bar
60 µm

Fig. 51 GFAP-poor area in the lateral region of the tegmentum of
the Raia mesencephalon. Only a few fibers (arrowheads) are seen
oriented toward the meningeal surface. The perivascular astro-
cytes (arrows) less densely colonize the vessels than in the telen-
cephalon. Bar 60 µm

Fig. 52 Thick bundle of radial fibers in the dorsal midline glial
septum of the Raia mesencephalon, between the two halves of the
optic tectum. Bar 60 µm

Fig. 53 Radial fibers in the ventral midline glial septum of the
Raia mesencephalon, through the tegmentum from the bottom of
the ventricle. Bar 150 µm

Fig. 54 Long glial fibers form endfeet (small curved arrows) on
the medial side of the optic tectum of Raia, immediately above the
posterior commissure (for anatomical position, see asterisk in 
Fig. 41c). Their origin could not be traced. Arrows point to inter-
mediate forms between fiber-like and astrocyte-like glial elements.
Bar 60 µm
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Figs. 55–59 Astrocytes of Raia diencephalon and mesencephalon
(see points in Fig. 42). Arrows point to forms with few processes,
as if intermediate forms between fiber-like and astrocyte-like glial
elements. Curved arrows point to extra large forms. Arrowhead in-
dicates a long fiber. Bars 60 µm

Fig. 55 At the joint of the optic tectum (TeO) and tegmentum (Teg)

Fig. 56 In the ventral part of the tectum

Fig. 57 In the dorsal part of the mesencephalic tegmentum

Fig. 58 In the basolateral part of the diencephalon

Fig. 59 In the basal part of the mesencephalic tegmentum
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cortex, striatum, colliculi superior and inferior in rat,
Ludwin et al. 1976; Hajós and Kálmán 1989; Kálmán
and Hajós 1989; Zilles et al. 1991; Kálmán et al. 1993).
Uneven GFAP distribution was also seen in biochemical
studies (Patel et al. 1985). In reptilian brains, radial glia
predominate and the GFAP distribution is relatively uni-
form (Monzon-Mayor et al. 1990; Yanes et al. 1990;
Kálmán et al. 1994). As in Raia, the Bergmann glia in
birds lack GFAP (Dahl et al. 1985; Roeling and 
Feirabend 1988; Kálmán et al. 1993).

One should realize that lack of GFAP immunopositiv-
ity does not mean lack of astroglia. Astroglia can be
present without expressing detectable GFAP (Connor
and Berkowitz 1985; Linser 1985). An intense GFAP im-
munopositivity appears when areas that are nearly de-
void of GFAP in intact mammals or birds are injured
(Bignami and Dahl 1976; Bignami et al. 1980; Székely
et al. 1991; Ajtai and Kálmán 1998). These results indi-
cate that “GFAP-free” astrocytes have a capability of
stimulus-induced GFAP expression (reviewed Hajós and
Zilles 1995). Similar phenomena may be expected in
skates as well.

A common feature, which distinguishes brains of
mammals, birds and skates from those of reptiles and the
squalomorph sharks, is the brain-wall thickness, reflect-
ing the complexity of brain. Skates have narrow, slit-like
telencephalic and mesencephalic ventricles and thick

walls, in contrast to the squalomorph sharks. Note that
the rhombencephalons of sharks and skates have similar
anatomy and also similar glial structure.

It has been suggested by several authors that the re-
placement of radial glia with astrocytes is related to the
thickening of the brain wall both in ontogenesis (Hajós
and Bascó 1984) and in phylogenesis (Horstmann 1954;
Naujoks-Mantauffel and Roth 1989; Wicht et al. 1994),
during which brain-wall thickness might have deter-
mined the ratio of astrocytes to radial glia. This correla-
tion is thought to be result of metabolic and homeostatic
constraints (Oksche 1958; Reichenbach 1989). Accord-
ing to Reichenbach and colleagues (Eberhard and 
Reichenbach 1987; Reichenbach et al. 1987; Reichen-
bach 1989) the extreme elongation is disadvantageous
for the radial glial fibers, because they are no longer ca-
pable of maintaining normal potassium equilibrium, and,
therefore, they are stimulated to divide and transform in-
to stellate cells. According to Mugnaini (1986) “a divi-
sion of labor may be required by a thickened brain wall,
especially in warm-blooded animals with high aerobic
metabolism, resulting in separation of parietal functions
(ependyma) and intrinsic or centralized functions (astro-
cytes)”.

There are, however, meaningful features of the Raia
astroglia that contradict this hypothesis. In Raia, radial
fibers persist in several parts of the brain, although they
do not predominate. There is no territorial distinction be-
tween the distribution of astrocytes and radial fibers,
which frequently intermingle each other, and their distri-
bution does not correlate strictly with the local thickness
of the brain wall. Thus, in Raia, the appearance of astro-
cytes is probably not due only to the disappearance of ra-
dial fibers from the thickening brain walls. A relatively
small ventricular surface compared with the meningeal
surface may favor stellate cells, to complete the fiber
system, which is dense at its ventricular origin, but be-
comes loose going to the meningeal surface. The persis-
tence of radial fibers may also be attributed to a persis-
tent neuron formation and migration in chondrichthyans.
A similar phenomenon underlies the persistence of some
radial fibers in birds, at the “hot spots” of the adult neu-
ron formation (Alvarez-Buylla et al. 1987; 1990).

A further difference from mammals and birds is the
extra large astrocytes in Raia (Figs. 47, 55–59, and also
under low-power, Figs. 43, 44, 65). The arborization of
Raia astrocytes is frequently simple (Figs. 47–49,
54–59), so several cells seem to represent intermediate
forms with the radial glia. The GFAP-free places of nu-
clei are frequently visible (Figs. 33, 44). The perivascu-
lar and submeningeal astrocytes of Raia are spread along
the surface, whereas in mammals the perikarya lie dis-
tant from the surface and send processes to it.

According to the classification of brain complexity by
Butler and Hodos (1996), Squalus has a laminar brain
(“type I”), while the Raia brain is of the elaborated type
(“type II”). In accordance with this difference, Wicht et
al. (1994) demonstrated GFAP-immunopositive astro-
cyte-like cells in the pacific hagfish (Eptatretus stouti,
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Fig. 60 Schematic drawings of the cross-sections of the Raia
rhombencephalon, with a part of the cerebellum, in caudo-rostral
order (a–e, the latter is caudal to Fig. 42f; C central canal, Cb cer-
ebellum, the pointers indicate parts of the narrow ventricular
system, Cr cerebellar crest, R area of reticulated glial composition,
4V fourth ventricle, double arrowheads point to the midline glial
septum – see enlarged in Figs. 61 and 63, double arrows point to
emergences of cranial nerves – see enlarged in Fig. 64, arrows
point to large astrocytes in the cerebellum – see enlarged in 
Fig. 65, small thick arrows point to the grey matter). Bar 1 mm

Fig. 61 The middle zone of the “closed” part of the Raia rhomb-
encephalon (see Fig. 60a). Only the midline glial septum (double
arrowhead) and and its branches (arrowheads) between the neural
tracts. Medial longitudinal fasciculus (FLM) are intensely im-
munopositive. A reticular glial pattern (R) that resemble the situa-
tion in Squalus is visible faintly (C central canal). Bar 300 µm

Fig. 62 Lateral corner of the fourth ventricle (4V) in Raia (for an-
atomical position see small thick arrows in Fig. 60). Only a con-
fined area of grey matter (thick arrows) contains intensely GFAP-
immunostained fibers. The surrounding area contains only faint
contours of a reticular glial pattern (R). Bar 300 µm

Fig. 63 The medial part of the “open” Raia rhombencephalon 
(4V fourth ventricle). GFAP-immunopositive fibers occur only in
the midline (double arrowhead), and separating the nerve fiber
bundles (arrowheads). Bar 60 µm

Fig. 64 Emergence of a cranial nerve in Raia. For anatomical po-
sition, see double arrow in Fig. 60d. The GFAP-immunopositive
fibers are parallel with the nerve fibers, which are bundled by
thick glial septa (arrowheads). Arrows point to astrocyte-like
forms. Bar 60 µm

Fig. 65 GFAP-immunopositive structures in the Raia cerebellum
are represented only by a few large free astrocytes (large arrows)
and perivascular astrocytes (double arrowhead). The cortex does
not contain GFAP-immunopositive elements. Bar 150 µm

▲



Myxiniformes), which represents an elaborated brain
among agnathans. It should be noted, however, that ev-
ery amniote brain is considered to be of type II, in spite
of the above mentioned differences among mammals,
birds and reptiles. Similarly, the teleosts, also with of
type II brain, have mainly ependymoglia and only very
few astrocytes (reviewed Kálmán 1998). The presence of
the astrocytes, and even less their predominance, there-
fore, does not correlate strictly with the “elaborated” or-
ganization of the brain in every vertebrate group.

These results suggest that astrocytes appear and be-
come predominant independently in different vertebrate
stocks. The evolution of the astroglia also decreased the
extension of the GFAP immunopositivity. These phe-
nomena seem to be correlated with each other, because
the appearance of astrocytes promotes the adaptation of
the GFAP-content to the various local requests, and
therefore the unnecessary expression of GFAP is avoid-
ed. The astrocytes can form a versatile glial network, and
can promote (without a close correlation in distribution)
both the thickening of the brain wall and the formation
of local differences of astroglia.

It should be noted however, that the macroscopical
structure of the brain of galeomorph sharks is similar to
that of skates rather than squalomorph sharks (Northcutt
1981; Butler and Hodos 1996). Further studies, there-
fore, are required to see how the findings may be applied
to galeomorph sharks.
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