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Morphofunctional changes of the astrocyte in rat hippocampus under 
different corticosteroid conditions

Abstract In the present study, we examined the changes in 
the morphofunction of astrocytes in rat hippocampus under 
different circulating corticosteroid conditions by immuno-
histochemistry analysis of glial fi brillary acidic protein 
(GFAP) and ultra-high-voltage electron microscopy. Each 
GFAP-immunoreactive cell showed a hypertrophic appear-
ance with well-developed thicker fi brous processes, and the 
number and the density of GFAP-immunoreactive cells 
were increased 4 weeks after adrenalectomy, whereas the 
changes were restored to the sham-control level with corti-
costerone replacement. The morphometric changes were 
observed in particular around the pyramidal neurons of 
CA1 and in the subgranular layer of dentate gyrus. The 
quantitative analysis clearly showed a signifi cant increase in 
the number and the density of GFAP-immunoreactive cells 
in the adrenalectomy group; following corticosterone 
replacement, these increases were returned to the sham-
control level. These changes were also specifi cally revealed 
by stereo-observation with ultra-high-voltage electron 
microscopy. The astrocyte showed more complicated fi ne 
three-dimensional branching after adrenalectomy. These 
results suggested that both the structure and function of 
astrocytes were modulated by corticosteroids via glucocor-
ticoid receptor.
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Introduction

It is well known that the hippocampus contains the highest 
density of glucocorticoid receptors (GR, type II) and miner-
alocorticoid receptors (MR, type I), both in neurons1–8 and in 
glial cells.9–14 Therefore, the hippocampus is thought to be a 
signifi cant target of corticosteroids. The effects of corticoste-
roids on hippocampal neurons, especially on pyramidal 
neurons and granular neurons of the dentate gyrus, which 
express glucocorticoid receptors (GR), have been well 
studied. Many previous studies reported that the hippocam-
pal neurons show several morphological and functional 
changes under different corticosteroid conditions. For 
example, an adrenalectomy (ADX) is well known to induce 
degeneration or death of hippocampal neurons.15–18 Several 
studies also have analyzed the effect of glucocorticoid on glial 
cells, especially on astrocytes.19–21 Astroglia, once overlooked 
as merely supportive elements, have recently been reevalu-
ated because glial cells have been reported to integrate neu-
ronal inputs and modulate synaptic activities.22–27 Therefore, 
it is equally important to determine the changes of astrocytes 
associated with the morphofunctional changes of neurons 
regulated by glucocorticoid. Nichols et al.28 reported that the 
decrease in GFAP mRNA and protein, a marker for astro-
cytes, by corticosterone in vivo is directly mediated via GR. 
They also indicated that most of the glucocorticoid responses 
cloned by differential hybridization were more strongly 
expressed in glial cells than in neurons.29 O’Callaghan et al.19 
observed increases in GFAP protein and GFAP mRNA in 
hippocampus and cortex after ADX found by radioimmuno-
assay and a blot hybridization analysis. An increase in the 
density of GFAP-immunoreactive (GFAP-ir) cells in the 
granule cell layer after ADX with immunohistochemistry 
was reported by Gould et al.20 Krugers et al.21 reported that 
the size and shape of astroglial cells were changed following 
ADX. However, they did not performed detailed quantita-
tive analysis. Thus, there are no reports about the changes of 
astroglias under different corticosteroid conditions with 
detailed quantitative morphometric analysis. In the present 
study, we examined the detailed morphological changes of 
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glial cells around each specifi c hippocampal region under 
different corticosteroid conditions by immunohistochemical 
methods, and we also investigated by detailed quantitative 
morphometric analysis. Additionally, the fi ne structural 
changes of the astrocytes under different corticosteroid con-
ditions were observed by ultra-high-voltage electron micros-
copy for three-dimensional detail.

Material and methods

Animals

Adult male Wistar rats (200–250 g in body weight; Saitama 
Experimental Animals Supply, Japan) were used in this 
study. They were housed in an air-conditioned room (23° ± 
1°C) under 12-h light (0700–1900)/12-h dark (1900–0700) 
cycles with free access to food and water. Animals were 
divided into three experimental groups as follows: (1) sham-
operated control group; (2) bilaterally adrenalectomized 
(ADX) 4-week group (received 0.9% saline as their drink-
ing water); (3) subcutaneously implanted corticosterone 
single pellet (200 mg for 90 days, 2.22 mg/day; Innovative 
Research of America) for 2 weeks to ADX 2-week group 
(received 0.9% saline as their drinking water). All proce-
dures in this study were in accordance with the Committee 
on Animal Bio-Ethics of Nippon Medical School.

Immunohistochemistry

Four rats for each experimental group were used for the 
immunohistochemical study. Animals were deeply anesthe-
tized with an intraperitoneal injection of sodium pentobarbi-
tal (50 mg/kg body weight). They were perfused through the 
left ventricle with physiological saline, followed by a mixture 
of 4% paraformaldehyde and 0.2% picric acid in 0.1 M phos-
phate buffer (PB, pH 7.4). The brain was quickly removed 
from the skull and postfi xed in the same fi xative overnight. 
Then, the brain was immersed in 0.1 M PB (pH 7.4) contain-
ing 30% sucrose at 4°C for 3 days for cryoprotection. The 
brains were frozen by −60°C n-hexane, and serial frontal sec-
tions were cut at 25 μm with a cryostat (Leica CM 3050S 
Microsystems, Nussloch, Germany). The sections were treated 
in 0.01 M NaIO4 solution for 20 min to block remaining 
endogenous peroxidase activity. After washing in 0.1 M phos-
phate-buffered saline (PBS) containing 0.3% Triton X-100 
(TPBS, pH 7.4), the sections were preincubated in a 10% 
normal goat serum under microwave irradiation (200 W, 5-s 
intermittent irradiation; Azumaya, Tokyo, Japan) for 10 min. 
Then, the sections were incubated with rabbit anti-GFAP 
serum (1 : 1,000; Chemicon International, CA, USA) for 
30 min under microwave irradiation. After being washed in 
TPBS, the sections were reacted with biotinated anti-rabbit 
IgG (Nichirei, Tokyo, Japan) for 10 min under microwave 
irradiation. After washing in TPBS, the sections were reacted 
with streptoavidin–biotin complex for 10 min under micro-
wave irradiation. The sections were then washed in PBS, and 
reacted with 0.05% 3,3′-diaminobenzidine solution (DAB) in 
Tris-HCl buffer containing 0.01% H2O2. Finally, the sections 

were rinsed in 0.1 M PBS and mounted on gelatin-coated 
glass slides, dried, and covered with a coverslip.

Quantitative analysis of the number and density of 
GFAP-ir cells

The number of GFAP-immunoreactive (GFAP-ir) cells and 
the density of GFAP-ir cells around the hippocampus were 
estimated. For these measurements, fi ve sections per animal 
in identical fi elds from serial sections were used. The number 
of GFAP-ir cells was analyzed in three regions per section: 
(1) stratum oriens and stratum radiatum of the peripyramidal 
cell layer of CA1; and (2) supragranular (molecular) and (3) 
subgranular (polymorphic cell) layers of the dentate gyrus. 
Briefl y, the images of sections were captured with a micro-
scopic digital camera (DP 70; Olympus) in an Olympus 
microscope (AX80 TRF), with a 300 μm × 300 μm frame. 
Special care was taken to place the frame in a similar location 
on each section for each animal under strictly identical condi-
tions in terms of light illumination. The frame size was kept 
constant throughout the whole study. The number of GFAP-ir 
cells was counted with these captured images (9 × 104 μm2). 
The values were expressed as mean ± SEM. Statistical analy-
sis for the number of GFAP-ir astrocytes in the experimental 
groups for each region was performed by one-way analysis 
of variance (ANOVA). Moreover, the density of GFAP-ir 
was analyzed using ImageJ software. Gray-level values were 
obtained after the same degree of subtraction of background 
staining for each section. Each image was converted to gray-
scale and the threshold for detecting the optical gray density 
was set to the same level, to ensure that all relevant staining 
was included in the analysis. The mean value from the histo-
gram, which is a measure of brightness, was used as a quan-
titative measure of the density of GFAP-ir within the area 
inside the frame. The density of the three experimental 
groups was statistically analyzed using ANOVA.

Ultra-high-voltage electron microscopy

Three experimental group animals (n = 4) were used for 
Golgi impregnation for ultra-high-voltage electron micros-
copy after the procedures of Hama et al.30 Briefl y, animals 
were deeply anesthetized by intraperitoneal injection of 
sodium pentobarbital (50 mg/kg in body weight). Brains 
were perfused through the left ventricle of the heart with a 
physiological saline solution followed at 20-min intervals by 
the fi xative of 4% paraformaldehyde and 1% glutaralde-
hyde in 0.1 M PB (pH 7.2), and then 2.5% paraformalde-
hyde, 2.5% glutaraldehyde in 0.1M PB. After fi xation, the 
brain was removed from the skull and postfi xed in the same 
fi xative overnight.

Sections 200 μm thick were cut by a microslicer (D.S.K. 
DTK-3000). After several rinses in 0.1 M cacodylate buffer 
followed by brief rinses in 2.5% potassium dichromate, the 
sections were immersed for 3 days in a mixture of 2.3% 
potassium dichromate and 0.4% osmium tetroxide at 20°C. 
Then, the sections were immersed in a solution of 0.7% 
silver nitrate at 20°C for 3 days. Following dehydration in a 
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graded ethanol series and treatment with propylene oxide, 
the sections were fl at-embedded on siliconized glass slides 
in Quetol 812 at 45°C for 1 day, and then at 60°C for 2 days. 
The embedded sections were examined under a stereo-
scopic microscope to select the Golgi-impregnated glia. 
Small pieces of sections containing recorded cells around 
the CA1 region of the pyramidal cell layer mounted on 
epoxy blocks were cut with a Leica ultracut UCT at 5-μm 
thickness and mounted on 75-mesh nickel grids. Specimens 
were then observed in a Hitachi H-3000 electron micro-
scope operated at 3,000 kV. The observed glial cells were 
oriented roughly parallel to the Y-axis of the image fi eld. 
Three pictures, a zero tilt and ± 8°tilt, were taken with the 
original magnifi cation of 3,000×.

Results

Changes in expression of GFAP-immunoreaction (-ir), par-
ticularly in the peripyramidal area of CA1, stratum oriens, 
and stratum radiatum, and supragranular (molecular layer) 
and subgranular (polymorphic cell) layers of the dentate 
gyrus, were investigated. In the sham-control group, GFAP-ir 
was distributed throughout the entire hippocampus, although 
some differences in the density of immunoreactivity were 
observed from layer to layer (Fig. 1A). The most abundant 
GFAP-ir was observed in the polymorphic cell layer of 
the dentate gyrus. The least GFAP-ir was observed in the 
pyramidal and the granular neuronal layers. Although the 

Fig. 1. Immunohistochemistry for glial fi brillary acidic protein (GFAP) 
in different hippocampal regions of the control group (A, D, G, J), 4 
weeks after adrenalectomy (ADX) (B, E, H, K), and after 2 weeks 
of corticosterone replacement (2 weeks after ADX) (ADX + CORT) 
(C, F, I, L) under low (A–C) and high (D–L) magnifi cation. Low-
magnifi cation photographs: GFAP-immunostaining in the hippocam-
pus of sham-operated control group (A), ADX group (B), and following 
corticosterone (CORT) replacement to the ADX rat group (C); high-
magnifi cation photographs: stratum oriens and stratum radiatum in the 
sham-operated control (D), ADX group (E), and ADX with CORT 
replacement group (F); high-magnifi cation photographs: molecular 
layer of dentate gyrus in the control group (G), the ADX group (H), 

and ADX with CORT replacement group (I); and high-magnifi cation 
photographs: hilus of dentate gyrus in the sham-operated control (J), 
the ADX group (K), and ADX with CORT replacement group (L). 
Number of GFAP-immunoreactive cells and density of reactivity 
increased in the ADX group (B, E, H, K), in comparison with the 
control group (A, D, G, J). Hypertrophic astrocytes with thicker and 
more ramifi ed processes were found, and some extended into the 
neighboring neuronal cell layer (E, H, K). In the ADX with CORT 
replacement rats (C, F, I, L), the morphology of astrocytes reverted to 
the control level. DG, dentate gyrus; O, stratum oriens; P, pyramidal 
cell layer; R, stratum radiatum; M, molecular cell layer; G, granule cell 
layer; H, hilus of dentate gyrus. Bars A–C 250 μm; D–L 50 μm
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morphology of the astrocytes is similar in each layer, there is 
a slight difference from layer to layer. Astrocytes in the peri-
pyramidal layers are small cells with many processes spread 
out in all directions (Fig. 1D), whereas astrocytes in the supra-
granular layer (molecular) of the dentate gyrus are larger 
than those in the other two regions, and their processes point 
perpendicular to the granular layer (Fig. 1G). The astrocytes 
in the polymorphic cell layer of the dentate gyrus are smaller 
with many branches pointing in all directions (Fig. 1J).

It could be readily recognized that both the number of 
GFAP-ir cells and the density of immunoreactivity were 
increased in the ADX group (Fig. 1B,E,H,K), in comparison 
with the sham-control group (Fig. 1A,D,G,J). The morphol-
ogy of the GFAP-ir cells in all regions showed hypertrophic 
changes with elevated levels of GFAP. These hypertrophic 
fi ndings were mainly represented by increased branching 
and thickness of astrocyte processes in the ADX group. The 
hypertrophic astrocytes neighboring the neuronal layer sent 
their long and thick fi brous processes into the pyramidal cell 
layer or granular cell layer of the dentate gyrus (Fig. 1E,H). 
In the corticosterone replacement group, the morphology 
of astrocytes recovered and appeared similar to that of the 
sham-control group (Fig. 1C,F,I,L).

Change in the number of GFAP-immunoreactive cells 
under different corticosteroid conditions

For the quantitative evaluation, the number of GFAP-ir cells 
was counted and statistically analyzed under different gluco-
corticoid conditions. GFAP-ir astrocytes with a clear distin-
guished nucleus and perinuclear cytoplasm or processes were 
counted. The number of GFAP-ir cells was calculated in three 
regions of the hippocampus, the peripyramidal cell layer of 
CA1 (stratum oriens and stratum radiatum), and the supra-
granular (molecular) and subgranular (polymorphic cell) 
layers of dentate gyrus of each group from the same section 
level (Fig. 2A). It was observed that the number of GFAP-ir 
cells was signifi cantly increased in the ADX group, in compari-
son with the sham operated-control group. In summary, the 
number of GFAP-ir cells after ADX was signifi cantly increased 
to 177%, 192%, and 187% in stratum oriens and stratum radia-
tum, and molecular and polymorphic cell layers of dentate 
gyrus, respectively, in comparison with the sham-operated 
control group (Fig. 2A). The total number of the three regions 
of GFAP-ir cells in ADX group was increased by as much as 
183% of the control group (Fig. 2B). An ANOVA analysis 
revealed a signifi cant difference between sham-operated 
control group and ADX group both in each region and in total. 
Corticosterone replacement to the ADX showed the reduc-
tion of the number of GFAP-ir cells to the control level in each 
region and the total of three regions examined (Fig. 2A,B). 
Statistical analysis showed that the corticosterone group did 
not differ signifi cantly from the sham-operated control group.

Change in the density of GFAP-immunopositive cells 
under different corticosteroid conditions

The density of GFAP-ir was measured in three regions of 
hippocampus; the peripyramidal cell layer of CA1 (stratum 

Fig. 2. A Number of GFAP-immunoreactive (GFAP-ir) cells in each 
hippocampal region. In the ADX group, the number of GFAP-ir cells 
was markedly increased to nearly twofold that of the sham-operated 
control group in peripyramidal layers (PPL, including stratum oriens 
and stratum radiatum), molecular (ML), and hilus of dentate gyrus 
(HL; also called polymorphic cell layers) **P < 0.01 compared to 
control group. B Total number of GFAP-ir cells in three hippocampal 
regions. Total number of GFAP-ir cells in ADX group was increased 
in comparison with the sham-operated control group. The ADX with 
CORT replacement group showed a number of GFAP-ir cells similar 
to the control level in all regions examined. **P < 0.01 compared to 
the sham-operated control group. Error bars represent SEM

oriens and stratum radiatum); and supragranular (molecu-
lar) and subgranular (polymorphic cell) layers of dentate 
gyrus, on each group from the same section level. Following 
ADX, increased GFAP reactivity was readily observed in 
all hippocampal subregions. The density of the GFAP-ir 
cells in each region measured in the ADX group was 
increased nearly 30% compared to the sham-operated 
control group (Fig. 3A). The total density of three regions 
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sham-operated control group both in each region and in 
total regions.

Morphological changes of astrocytes under different 
corticosteroid conditions by ultra-high-voltage electron 
microscopy

The astrocytes prepared by Golgi impregnation were 
observed by ultra-high-voltage electron microscopy 
(UHVEM), which revealed detailed dynamic ultrastruc-
tural changes of the astrocytes (Fig. 4). The cell body mark-
edly reacted except for the nucleus. The thick processes 
arose from the cell body and spread toward the periphery. 
Many thin irregular leafl et-like branches were observed. 
This complex branching often anastomosed to make a fi ne 
three-dimensional network (Fig. 4A-A′). After ADX, the 
size and branching of astrocytes were clearly developed. 
The fi ne mesh structure that spread out from the branching 
of astroglia was well developed and the three-dimensional 
network, formed by the anastomoses of their branching, 
also was well developed (Fig. 4B-B′). These hypertrophied 
structural changes following ADX reverted to the sham-
operated control condition with corticosterone replacement 
(Fig. 4C-C′).

Discussion

The present study is the fi rst to show detailed quantitative 
analysis for the number of GFAP-ir cells and density of 
GFAP immunoreactivity and the morphological changes of 
astrocytes in rat hippocampus under different corticoste-
roid conditions. The study indicated that the expression of 
GFAP was activated by ADX and the GFAP-ir cells showed 
hypertrophic changes by ADX, whereas corticosterone 
treatment of ADX rats facilitated return to the state of the 
sham-operated control condition. The morphometric 
changes were observed in particular around the pyramidal 
neurons of CA1 and in the subgranular layer of the dentate 
gyrus. These changes were impressively observed by 
UHVEM, expressing the three-dimensional ultrastructure. 
The astrocytes showed a more complicated fi ne branching 
three-dimensional network after ADX. These results sug-
gested that both the structure and function of astrocytes 
were modulated by corticosteroids.

It is well known that corticosteroids are secreted from 
the adrenal cortex and bind to their receptors, therefore 
facilitating genomic or nongenomic effects in the brain. The 
hippocampus is a principal target for corticosteroids in the 
brain, because a higher concentration of corticosterone 
receptors has been observed in hippocampal neurons.1,31 
Previous studies have indicated that a chronic high level of 
circulating glucocorticoids induces damage to hippocampal 
pyramidal neurons,32,33 whereas removal of glucocorticoids 
by ADX induced degeneration and death of mature granule 
neurons in the dentate gyrus.15–18,33,34 These neuronal degen-
erations or death following ADX were suggestive of apop-
tosis, and the neuronal degenerative changes were reported 

Fig. 3. A The density of GFAP-ir cells in each hippocampal region. 
After ADX, the density of GFAP-ir cells in each region increased 
nearly 30% compared to the controls. B The total density of GFAP-ir 
cells in three hippocampus regions. The total density of three regions 
was increased by nearly 30% after ADX compared to that in control. 
In the group of ADX with CORT replacement, the density of GFAP-ir 
cells returned to the state of the control level in each region. *P < 0.05 
compared to control group. **P < 0.01 compared to control group. 
Error bars represent the SEM. PPL, peripyramidal layers; ML, molec-
ular; HL, hilus of dentate gyrus

was also increased nearly 30% after ADX compared to the 
sham-operated control group (Fig. 3B). Statistical analysis 
revealed a signifi cant difference between the sham-oper-
ated control group and the ADX group both in each region 
and in total regions. The density of GFAP-ir cells in the 
corticosterone replacement group was near the control 
level in each region and in the total of three regions (Fig. 
3A,B). An ANOVA analysis showed no signifi cant differ-
ence between the corticosterone replacement group and the 
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double immunofl uorescence study in vivo. In the present 
study we clearly demonstrated that a signifi cant changes of 
GFAP-ir, a marker for astrocytes, under different cortico-
steroid conditions. Krugers et al.21 indicated that adrenalec-
tomy-induced neuronal degeneration in the rat dentate 
gyrus and mossy fi ber zone coincides with hypertrophy of 
astroglia, which were consistent with our present results of 
hypertrophic appearance with well-developed thicker 
fi brous processes, strongly suggesting that the morphofunc-
tional changes of astroglia under changing circulation of 
corticosteroids were closely relevant to neuronal changes.

An increase in GFAP expression in hippocampus and 
other region of brain following ADX was reported previ-
ously.19–21 The present study showed a signifi cant increase in 
GFAP-ir cells with ADX that is in agreement with these 
previous reports, but in addition some differences obtained. 
A previous study revealed that increase of GFAP-ir specifi -
cally confi ned in the dentate gyrus after ADX,20,21 but our 
results confi rmed the increase also in other hippocampal 
regions, such as the peripyramidal layer. In the present 
study we clearly revealed the signifi cant increase of GFAP-ir 
cells both in number and density after ADX, especially in 
specifi c hippocampal areas examined: stratum oriens and 
stratum radiatum of the peripyramidal cell layer of CA1, 
and supragranular and subgranular layers of the dentate 
gyrus. It has been reported that glucocorticoids decrease 
GFAP mRNA and regulate transcription in the hippocam-
pus and cerebral cortex.28,38 O’Callaghan et al.19 showed that 
changes in amount of GFAP caused by CORT and ADX 
were paralleled by changes in GFAP mRNA. Therefore, our 
fi ndings of a signifi cant increase in the number and the 
density of GFAP-ir cells after ADX might possibly be regu-
lated via a genomic effect of corticosteroids.

One possible explanation for the GFAP-ir cells increase 
after ADX might be the astrocytic reaction to neurodegen-
eration induced by ADX because many previous studies 
reported that adrenalectomy results in neurodegenera-
tion.15–18 An important step of glial response to neurodegen-
eration is thought to be removal of cellular debris.16 Krugers 
et al.21 advocated the possibility of a neuron–glia interaction 
under corticosteroid regulation around the hippocampus. 
They demonstrated that alternation of GFAP-ir was con-
fi ned to the area suffering neurodegeneration following 
ADX; both GFAP-ir and neurodegeneration showed a 
similar distribution over the hippocampus, and also showed 
a survival time-dependent increase after ADX, suggesting 
a relationship between ADX-induced neurodegeneration 
and the induction of GFAP-ir that alluded to the functional 
changes of astrocytes. Moreover, the prolonged administra-
tion of corticosterone not only attenuates the exacerbating 
effects of ADX but also partially reverses trimethyltin 
(TMT)-induced neuronal loss and reactive astrogliosis, sig-
nifying a neuroprotective action of glucocorticoid receptors 
in the hippocampus,39 suggesting an association with the 
compensatory mechanism designed to exacerbate the neu-
ronal condition, and supporting the hypothesis that the 
morphofunctional changes of astrocytes under different 
corticosteroid conditions are related to the neuronal 
changes.

Fig. 4. Morphological changes in three groups observed by ultra-high-
voltage electron microscopy (UHVEM). All the stereo-images of 
UHVEM showed ± 8° tilt. A-A′ Images of sham-operated control 
group show that the thick processes arose from the cell body and 
formed complicated branching. These complex branching networks 
often anastomosed to make a fi ne three-dimensional network. B-B′ 
Stereo images after ADX showed hypertrophy and well-developed fi ne 
mesh structures. C-C′ Stereoimages of ADX rats with CORT replace-
ment showed a morphological structure similar to that of the sham-
operated control group. N, neuron; V, vessel. Bars 5 μm

to be prevented by corticosterone.16,35–37 The expression of 
corticosteroid receptors, mineralocorticosteroid receptor 
(MR), and glucocorticoid receptor (GR) in astrocytes has 
been assessed by radioisotope-binding assay.13 Moreover, 
Vielkind et al.10 revealed that all classes of glial cells includ-
ing astrocytes and oligodendrocytes expressed GR by 
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In the present study, we presented the three-dimensional 
ultrastructural changes of astrocytes under different corti-
costeroid conditions as observed by UHVEM. Because glial 
cells as well as neurons display complicated morphological 
features with multiple processes, it is diffi cult to display all 
fi ne structures. UHVEM stereoscopy using thick sections 
can combine the advantages of light microscopy and con-
ventional thin-section electron microscopy. This method has 
been reported to provide morphological and morphometric 
study of the complicated structures in the central nervous 
system.30,40 Actually, the present study dynamically contrib-
uted to reveal the changes of the detailed fi ne structure of 
astrocytes, which showed thin irregular ribbon-like or leaf-
like branches, arising from thick processes and anastomos-
ing to form a complicate three-dimensional network, under 
different corticosteroid conditions. These observations 
strongly suggest the need for a careful reconsideration of 
the fi ne morphology of the astroglial terminal branches in 
the nervous system for understanding of the astroglia. It 
may be also suggested that this complicated glial branching 
has a more functional role than simple insulation of adja-
cent neurons.

In conclusion, we revealed the detailed morphofunc-
tional changes of astrocytes in the hippocampus by employ-
ing immunohistochemistry for GFAP and morphometric 
analysis, and three-dimensional fi ne structure by UHVEM 
observation. These results may contribute to resolve the 
role of astrocytes in the neuron–glia interaction under exac-
erbated condition for neurons. However, the detailed 
complex interaction between neurons and glial cells under 
different corticosteroid conditions still remains to be clari-
fi ed. Future studies should also concentrate on the molecu-
lar mechanism for the neuron–glia interaction under 
different corticosteroid conditions.
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