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Introduction

Astrocytes are the most abundant cells in the central 
nervous system (CNS) and exist ubiquitously both in the 
developing and mature CNS. These cells are assumed to 
play an important role in the regulation of the brain envi-
ronment. Astrocyte proliferation that occurs following 
brain injury, known as reactive gliosis, is well under-
stood. However, astrocyte proliferation also occurs under 
normal physiological conditions. Glial cell numbers in 
the prefrontal cortex increase between adolescence and 
adulthood (1). Furthermore, exercise and learning en-
hances gliogenesis and astrocyte proliferation in the 
prefrontal cortex (2 – 4). Glial fibrillary acidic protein 
(GFAP)-expressing cells proliferate in the hippocampus 
and striatum of the adult brain under normal physiologi-
cal conditions (5 – 7). Postmortem studies of tissue from 
young patients with major depressive disorder have pre-

viously demonstrated a reduced number of astrocytes in 
the prefrontal cortex (8). GFAP-positive cells have been 
shown to decrease in various regions including the pre-
frontal cortex in a rat model of depression as well as in 
clinical studies (9). Interestingly, it was reported that 
microinjection of L-α-aminoadipic acid, a gliotoxin, into 
the forebrain induced depression-like behaviors in rats 
(10). These studies suggest that astrocyte loss in the 
frontal cortex may be involved in the pathogenesis of 
depression.

Glucocorticoids, the hormonal end products of the 
hypothalamic–pituitary–adrenal axis (HPA axis), are 
known to increase with sustained stress. Released gluco-
corticoids activate a negative feedback system in the 
hippocampus, hypothalamus, and pituitary, which subse-
quently suppresses the release of glucocorticoids. How-
ever, in depression and stress disorders, glucocorticoids 
are hypersecreted because of dysfunction of this feedback 
system (11, 12). The glucocorticoid receptor (GR) plays 
an important role in the negative feedback system of the 
HPA axis. Some studies using GR-deficient mice have 
shown that GR deletion can induce hyperactivation of 
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the HPA axis and lead to depression-like behaviors 
(13 – 15).

In view of the relationship between astrocytes and 
glucocorticoids, previous studies suggested that GR ac-
tivation is involved in the inhibition of astrocyte prolif-
eration (16, 17). However, the mechanisms by which this 
occurs remain unclear. In the present study, we examined 
the effect of glucocorticoids on astrocyte proliferation 
and GR expression. We also investigated whether exces-
sive activation of the HPA axis affects astrocyte prolif-
eration in vivo using a repeated adrenocorticotropic 
hormone (ACTH) administration rat model.

Materials and Methods

Materials
Eagle’s minimum essential medium (MEM) was pur-

chased from Nissui Pharmaceutical (Tokyo). Fetal bovine 
serum was obtained from JRH Biosciences (Lenexa, KS, 
USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetra-
zolium bromide (MTT), glucose, glutamine, glutamate, 
HEPES, NaHCO3, hydrochloric acid (HCl), trypsin, 
paraformaldehyde (PFA), and corticosterone were from 
Nacalai Tesque (Kyoto). RU486 and eplerenone were 
purchased from Sigma (St. Louis, MO, USA). Dispase 
was obtained from Gibco (Invitrogen Japan, Tokyo). 
Hydrogen peroxide (H2O2) and dexamethasone was ob-
tained from Wako Chemicals (Osaka). 4′,6-Diamino-2-
phenylindole (DAPI) was from Dojindo Laboratory 
(Kumamoto). ACTH-(1-24)-zinc (Cortrosyn-Z) was 
purchased from Daiichi Sankyo (Tokyo).

Animals
Experiments were carried out using postnatal day 1 

pups of Wistar rats for primary cortical astrocyte mon-
oculture and male Wistar rats weighing 180 – 220 g for 
repeated ACTH administration, which were purchased 
from Japan SLC (Shizuoka). All animal studies were 
conducted in accordance with the Ethical Guidance of 
the Kyoto University Animal Experimentation Commit-
tee and the Guidance of The Japanese Pharmacological 
Society. All procedures were approved by the Animal 
Research Committee, Graduate School of Pharmaceuti-
cal Science, Kyoto University.

Primary cortical astrocyte monoculture
Cortical type 1 astrocytes were prepared from postna-

tal day 1 pups of Wistar rats according to previously 
described procedures (18). In brief, the cells were dis-
sociated from the cerebral cortices of neonates with dis-
pase, filtered through a stainless mesh, and plated on 
uncoated 75-cm2 flasks. Cultures were incubated in 
 Eagle’s MEM supplemented with 10% heat-inactivated 

fetal bovine serum, glutamine (2 mM), glucose (total 11 
mM), NaHCO3 (24 mM), and HEPES (10 mM) at 37°C 
in a humidified 5% CO2 atmosphere. After the cells be-
came confluent, non-astrocytes such as microglia were 
removed by shaking followed by changing the medium, 
and astrocytes were detached using trypsin and reseeded 
on 60-mm dishes or 24-well plates. The astrocytes were 
used for experiments 1 – 2 weeks after plating. The purity 
of astrocytes was > 95% as determined by immunostain-
ing with anti-GFAP antibody. For immunoblotting, the 
cells were washed three times with cold Tris-buffered 
saline, harvested using a cell scraper, and centrifuged at 
15,000 rpm at 4°C for 20 min. The precipitate was lysed 
with lysis buffer. For immunocytochemistry, the cells 
were fixed with 4% PFA for 10 min at room temperature 
and rinsed three times with phosphate-buffered saline 
(PBS).

Immunoblotting
Samples were lysed in buffer containing Tris (20 mM), 

β-glycerophosphate (25 mM), ethylene glycol tetraacetic 
acid (EGTA) (2 mM), Triton X-100 (1%), phenylmeth-
ylsulfonyl fluoride (1 mM), aprotinin (1%), dithiothreitol 
(2 mM), and vanadate (1 mM) on ice. Lysates were 
centrifuged at 15,000 rpm at 4°C for 30 min. The super-
natants were mixed with a sample buffer containing 124 
mM Tris-HCl (pH 6.8), 4% sodium dodecyl sulfate 
(SDS), 10% glycerol, 0.02% bromophenol blue, and 4% 
2-mercaptoethanol. After denaturing by heating at 100°C 
for 5 min, an aliquot of the supernatant was loaded onto 
a SDS polyacrylamide gel, separated electrophoretically, 
and transferred to a polyvinylidene difluoride membrane 
(Bio-Rad Laboratories, Hercules, CA, USA). The mem-
brane was then incubated in 10 mM Tris-buffered saline 
containing 0.1% Tween 20 and 5% dehydrated skim milk 
to block non-specific protein binding. The membrane 
was subsequently incubated with anti-GR antibody 
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), anti-glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) antibody (1:100000; Ambion, Austin, TX, 
USA), or anti-GFAP antibody (1:1000; Calbiochem, San 
Diego, CA, USA). This was followed by incubation with 
secondary antibodies. Immunodetection was performed 
using the ECL Western Blotting detection system 
( Amersham Biosciences, Buckinghamshire, UK). The 
protein expression level was quantified using Image J 
software.

Immunochemistry
Brain samples and cultures were blocked with 1.5% or 

5% goat serum and 0.3% Triton in PBS for 1 h. Subse-
quently, the samples were incubated with primary anti-
bodies at 4°C overnight. Primary antibodies used were 
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anti-GFAP (1:1000; Dako, Glostrup, Denmark) antibody, 
anti-GR antibody (1:50), anti-neuronal nuclei (NeuN) 
antibody (1:50; Chemicon International, Temecula, CA, 
USA), and anti-bromodeoxyuridine (BrdU) antibody 
(1:500; Roche, Basel, Switzerland). After three washes 
with PBS, the samples were incubated for 90 min at room 
temperature with secondary antibodies, Alexa Fluor 
488-labeled goat anti-mouse IgG or Alexa Fluor 
594- labeled goat anti-rabbit IgG. Antibodies were diluted 
in PBS with goat serum (1% for in vitro and 1.5% for in 
vivo) and 0.3% Triton. Nuclei were stained with DAPI. 
Labeled cells were visualized and photographed using an 
epifluorescence microscope (BZ-8000; Keyence, Osaka). 
The number of cells in a randomly selected field 
(330 × 440 μm) was counted.

Repeated ACTH administration and sampling in vivo
Male Wistar rats weighing 180 – 210 g were used. The 

rats were maintained at a constant ambient temperature 
(22°C ± 1°C) under a 12-h light/dark cycle. We adminis-
tered ACTH (100 μg/day, s.c.) to rats on a daily basis 
between 13:00 – 15:00 h. Under deep anesthesia (injec-
tion of pentobarbital, 100 mg/kg), the rats were sacrificed 
on day 15 following chronic ACTH administration. To 
obtain samples for immunoblotting, the rats were per-
fused transcardially with 60 ml cold PBS. Their brains 
were dissected into 1-mm coronal sections on a slicer, 
and the slices containing the frontal cortex were subse-
quently homogenized in an ice-cold lysis buffer. To ob-
tain samples for immunohistochemistry, the rats were 
perfused transcardially with 60 ml cold PBS followed by 
60 ml of 4% PFA. Their brains were isolated, fixed in 4% 
PFA for 2 h, and then soaked in 15% sucrose overnight 
at 4°C. After freezing, the brains were sliced into 16-μm-
thick sections using a cryostat (Leica Microsystems, 
Wetzlar, Germany) and attached to silanized glass slides. 
Activation of NeuN and GFAP antigens was achieved by 
soaking the specimens in 10 mM citric acid (pH 6.0) for 
15 min at 121°C in an autoclave. NeuN- and GFAP-
positive cells were counted from six fields located be-
tween +4 and +5 mm from the bregma for each rat. 
GFAP-positive cells were counted if they had at least 
four distinct processes and were not associated with the 
formation of a blood vessel, according to the methods 
described previously (9).

MTT assay
To assess cell viability, cell metabolic activity was 

measured by an MTT assay. The cultures were incubated 
in serum-free medium containing 0.5 mg/ml of MTT 
tetrazolium salt for 2 h at 37°C. The medium was then 
aspirated and colored formazan products were solubilized 
in isopropanol. After agitation on a shaker, aliquots were 

transferred to a 96-well plate, and the absorbance was 
measured at 595 nm using a microplate reader (Bio-Rad 
Laboratories). MTT reduction activity and cell viability 
were expressed as a percentage of the absorbance mea-
sured in the control.

Lactate dehydrogenase (LDH) release assay
To estimate cytotoxicity, the amount of LDH released 

into the culture medium was measured using a MTX-
LDH kit (Kyokuto Pharmaceutical Industrial Corp., 
 Tokyo). In this assay, NAD is reduced to NADH through 
the conversion of lactate to pyruvate by LDH. NADH 
then reduces tetrazolium dyes to formazan dyes in the 
presence of diaphorase. In brief, 30 μl of culture super-
natant was mixed with 70 μl of the LDH substrate mixture 
in a 96-well plate. After incubation for 30 min at 37°C, 
the reaction was stopped by adding 100 μl of 1 N HCl, 
and the absorbance was measured at 570 nm using a 
microplate reader. The background absorbance, calcu-
lated as the absorbance of the culture medium in the ab-
sence of cells, was subtracted from each absorbance 
value obtained.

Small interfering RNA (siRNA)
siRNAs were purchased from Nippon EGT (Toyama). 

The siRNA sequence targeting GR was 5′-UUACCUU
UGUGCUGGAAGATT-3′. The sequence used for the 
scrambled control siRNA was 5′-GGACAUCGAGUA
AAAGGGATT-3′. Cortical astrocytes were transfected 
with each siRNA using lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol. The medium was changed 6 h after transfection 
and cultures were incubated further.

Drug treatment
Primary astrocyte cell cultures were incubated in a 

medium containing corticosterone (0.01 – 1 μM), dex-
amethasone (0.01 – 1 μM), RU486 (0.3 – 3 μM), epler-
enone (10 μM), or BrdU (1 μM).

Statistics
Values were expressed as the mean ± S.E.M. The sta-

tistical significance of difference between groups was 
determined using Tukey’s test for the MTT, LDH, and 
BrdU assay, Dunnett’s test for immunoblotting, and un-
paired t-test for comparison between two groups. Prob-
ability values less than 5% were considered to be 
significant.
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Results

GR was primarily expressed within the nuclei of cortical 
astrocytes

First, we examined the subcellular localization of GR 
in astrocytes in monoculture. Immunocytochemical 
analysis showed that GR was mainly expressed in the 
nuclei (Fig. 1). Even after treating the astrocytes with 
glucocorticoids, GRs were still primarily expressed in 
the nuclei (data not shown).

Glucocorticoids reduced astrocyte numbers via GR but 
did not induce astrocytic damage

We investigated the effects of glucocorticoids on the 
number of astrocytes in culture. Treatment with corticos-
terone (0.1 – 1 μM) and dexamethasone (0.01 – 1 μM) 
for 72 h significantly reduced the number of astrocytes, 
as determined in the MTT assay (Fig. 2: A, B). We inves-
tigated whether glucocorticoid treatment resulted in the 
death of astrocytes. Corticosterone (1 μM) and dexame-
thasone (1 μM) did not increase LDH release from astro-
cytes (Fig. 2C). However, H2O2, a positive control of 
cytotoxicity, did induce LDH release. Thus, these results 
suggest that glucocorticoid treatment reduced the number 
of astrocytes in vitro without causing cytotoxicity.

Glucocorticoids are known to interact with both GR 
and the mineralcorticoid receptor (MR). Both GR and 
MR are expressed in cultured astrocytes (19). We sought 
to determine which of these two receptors mediated the 
effects of glucocorticoids in the astrocytes. RU486 (3 
μM), a GR antagonist, inhibited the effects of corticos-
terone and dexamethasone, whereas eplerenone (10 μM), 
an MR antagonist, did not (Fig. 2: D – F). These results 
suggest that glucocorticoids reduced the number of astro-
cytes via GR activation.

Glucocorticoids inhibited astrocyte proliferation via 
GR

We examined the effects of glucocorticoids on astro-
cyte proliferation by a BrdU incorporation assay. Corti-

costerone (1 μM) and dexamethasone (1 μM) reduced the 
number of BrdU-incorporated (BrdU-positive) astro-
cytes. RU486 (3 μM) significantly inhibited the gluco-
corticoid-induced reduction in BrdU-positive astrocytes 
(Fig. 3). These results suggest that glucocorticoids re-
duced the number of astrocytes by inhibiting astrocyte 
proliferation via GR.

Glucocorticoids altered GR expression in astrocyte 
culture

We subsequently investigated the effect of glucocorti-
coids on GR expression in astrocytes. Short-term (1 – 6 
h) glucocorticoid treatment (1 μM) increased GR expres-
sion. In contrast, long-term (> 12 h) glucocorticoid 
treatment decreased GR expression (Fig. 4). RU486 (3 
μM) transiently increased GR expression to a similar 
extent as that induced by glucocorticoids. However, 
long-term RU486 treatment did not decrease GR expres-
sion to levels below the control level (Fig. 4). These re-
sults suggest that glucocorticoids transiently increased 
GR expression in astrocytes with subsequent reduction in 
the expression.

RU486 inhibited downregulation but not upregulation of 
GR expression by glucocorticoids

We examined whether a GR antagonist could affect 
glucocorticoid-induced changes in GR expression in the 
astrocytes. First, we investigated the effect of RU486 on 
the increase in GR expression induced by short-term 
glucocorticoid treatment. Six hours of exposure to corti-
costerone (1 μM) and dexamethasone (1 μM) increased 
GR expression in the astrocytes. RU486 did not inhibit 
the increase in GR expression but rather enhanced the 
effect of glucocorticoids (Fig. 5A). Next, we examined 
the effect of RU486 on the increase in GR expression 
induced by long-term glucocorticoid treatment. Exposure 
to corticosterone (1 μM) and dexamethasone (1 μM) for 
24 h reduced GR expression in the astrocytes. RU486 
significantly prevented the glucocorticoid-induced re-
duction in GR expression (Fig. 5B). Taken together these 

Fig. 1. Glucocorticoid receptor (GR) expression in astrocytes. GR and glial fibrillary acidic protein (GFAP) were detected by 
immunohistochemistry. Nuclei were stained with 4′,6-diamino-2-phenylindole (DAPI). Scale bar = 100 μm.
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results suggest that glucocorticoids inhibited astrocyte 
proliferation and reduced GR expression mediated via 
GR.

GR knockdown led to a reduction in astrocyte numbers
To investigate the relationship between reduction in 

GR expression and inhibition of astrocyte proliferation 
by glucocorticoids, siRNA targeting GR was transfected 

Fig. 2. Corticosterone (CRT) and dexamethasone (DEX) reduced the number of astrocytes via a glucocorticoid receptor but did 
not induce astrocytic damage. A, B: The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay was per-
formed 72 h after treatment with CRT (0.01 – 1 μM) and DEX (0.01 – 1 μM). C: The lactate dehydrogenase (LDH) assay was 
performed 72 h after treatment with CRT (1 μM) and DEX (1 μM) or 24 h after treatment with H2O2 (1 mM). D, E, F: The MTT 
assay was performed 72 h after treatment with CRT (1 μM); DEX (1 μM); RU486 (0.3 – 3 μM), a GR antagonist; and eplerenone 
(10 μM), a mineralcorticoid receptor antagonist. n = 4. ***P < 0.001 vs. control, ###P < 0.001 vs. CRT or DEX alone. n.s., not 
significant.

Fig. 3. Reduction in astrocyte prolif-
eration by corticosterone (CRT) and 
dexamethasone (DEX) via a glucocor-
ticoid receptor. Bromodeoxyuridine 
(BrdU)- and GFAP-positive cells were 
detected 48 h after treatment with CRT 
(1 μM), DEX (1 μM), and RU486 (3 
μM) plus BrdU (1 μM). A: CRT, B: 
DEX. n = 8. **P < 0.01, ***P < 0.001 
vs. control; #P < 0.05, ###P < 0.001 vs. 
CRT or DEX alone.
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into the astrocytes. Immunoblotting showed a 40% re-
duction in expression of GR protein in the astrocytes 
transfected with GR siRNA (Fig. 6: A, B). The number 
of GR siRNA–transfected astrocytes was significantly 
reduced 120 h following transfection (Fig. 6C). Next, we 
examined the effect of GR knockdown on astrocyte 
proliferation. GR siRNA transfection significantly re-
duced the number of BrdU-positive astrocytes (Fig. 6D). 
These results suggest that reduction in GR expression in 
astrocytes resulted in the suppression of astrocyte 
proliferation.

Repeated ACTH administration caused a reduction in 
astrocyte numbers in vivo

We investigated the effects of high concentrations of 

glucocorticoids on astrocyte proliferation using a re-
peated ACTH administration rat model. First, we exam-
ined GR expression in the frontal cortex and hippocampus 
after 14 days of saline or ACTH administration (100 μg/
day). GR expression in ACTH-administered rats was 
significantly decreased compared with that in saline- 
administered rats (Fig. 7: A, B). Next, we examined 
GFAP expression and measured the number of astrocytes 
and neurons in the frontal cortex following ACTH ad-
ministration for 14 days. GFAP expression in the frontal 
cortex of ACTH-administered rats was reduced compared 
with that of saline-administered rats (Fig. 7C). Immuno-
histochemistry revealed that ACTH administration did 
not affect the number of neurons. In contrast, the number 
of astrocytes was significantly reduced. (Fig. 7: D, E). 

Fig. 5. RU486 affected changes in glucocorticoid receptor (GR) expression induced by corticosterone (CRT) and dexametha-
sone (DEX). A: GR and GAPDH were detected by western blotting after treatment with CRT (1 μM), DEX (1 μM), and RU486 
(3 μM) for the indicated periods. B: Quantification of the GR/GAPDH ratio in astrocytes after 24-h treatment. n = 5 – 6. *P < 0.05, 
**P < 0.01 vs. control; ##P < 0.01 vs. CRT alone; §P < 0.05 vs. DEX alone.

Fig. 4. Corticosterone, dexamethasone, and RU486 
changed glucocorticoid receptor (GR) expression. GR 
and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) were detected by western blotting at the in-
dicated periods (0.5 – 48 h) after treatment with corti-
costerone (1 μM), dexamethasone (1 μM), or RU486 (3 
μM).
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These results suggest that secretion of high concentra-
tions of glucocorticoids induced by repeated ACTH ad-
ministration leads to a reduction in both GR expression 
and the number of astrocytes in vivo.

Discussion

This study investigated the mechanism by which glu-
cocorticoids inhibit astrocyte proliferation. The results 
demonstrated a relationship between astrocyte prolifera-
tion and GR expression following treatment with gluco-
corticoids. This was demonstrated in an animal model (in 
vivo) as well as cultured astrocytes (in vitro). In sum-
mary, our results suggest that glucocorticoids reduce 
astrocyte proliferation by inducing a reduction in GR 
expression.

In the first experiment, the subcellular localization of 
GR was observed in cultured astrocytes, with GR found 
to be primarily expressed in the nuclei (Fig. 1). Neuronal 
GR performs functions other than gene transcription, for 
example, GR interacts with receptor tyrosine kinase for 
BDNF (trkB) and promotes glutamate release (20). In 
contrast, functions of astrocytic GR other than the func-
tion of binding to a glucocorticoid have not yet been re-
ported. Based on our results, we assumed that astrocytic 
as well as neuronal GRs have some unknown functions 
in our culture conditions.

Corticosterone and dexamethasone reduced the num-
ber of astrocytes via GR by inhibiting astrocyte prolifera-

tion (Figs. 2 and 3). These results are consistent with 
those of a previous report that suggested that the neural 
cell adhesion molecule (NCAM) inhibited astrocyte 
proliferation via GR (16). In neurons and astrocytes, GR 
expression has also been shown to change with glucocor-
ticoid administration in vitro (19). The mechanisms by 
which GR expression affects astrocyte function are 
largely unknown. We showed that short-term (1 – 6 h) 
glucocorticoid treatment increased GR expression, 
whereas long-term (> 12 h) treatment decreased GR ex-
pression. RU486 also increased GR expression in a short 
term; however, this expression did not decrease subse-
quently (Fig. 4). We examined the effect of RU486 on 
the glucocorticoid-induced change in GR expression. GR 
expression increased by glucocorticoid treatment was 
enhanced by RU486, whereas GR expression reduced by 
glucocorticoid treatment was inhibited by RU486 (Fig. 
5).

We hypothesized that reduced GR expression follow-
ing long-term glucocorticoid treatment plays a crucial 
role in astrocyte proliferation. To validate this hypothesis, 
we used siRNA to silence GR. GR knockdown reduced 
the number of astrocytes by inhibiting their proliferation 
(Fig. 6). GR antagonism by RU486 did not induce pro-
motion of astrocyte proliferation. We suppose that this is 
because RU486 does not decrease GR expression in as-
trocyte. Thus, we propose that prolonged reduction in 
GR expression inhibits proliferation of cultured astro-
cytes. However, another study using murine macrophage 

Fig. 6. Glucocorticoid receptor (GR) 
knockdown reduced astrocyte prolifera-
tion. A: Representative western blotting 
example of GR and GAPDH 96 h after 
siRNA transfection. B: Quantification of 
the GR/GAPDH ratio in panel A. n = 4. 
C: The MTT assay was performed 120 h 
after siRNA transfection. n = 4. D: BrdU-
positive cells were detected 48 h after 
BrdU treatment (1 μM) 72 h after siRNA 
transfection. n = 8. *P < 0.05, ***P < 
0.001 vs. control siRNA.
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cells reported that GR knockdown promoted cell prolif-
eration, which is in contrast to our results (21). This 
discrepancy suggests that the relationship between GR 

expression and cell proliferation may depend on cell 
type. The mechanisms by which GR regulates cell prolif-
eration should be determined in future research.

PP

P

Fig. 7. Repeated adrenocorticotropic hormone (ACTH) administration decreased glucocorticoid receptor (GR) expression and 
the number of astrocytes in vivo. A, B: GR expression in the frontal cortex (A) and hippocampus (B) after 14 days of saline or 
ACTH administration. The bottom graphs show the quantified data of the GR/GAPDH ratio. n = 3. C: GFAP and GAPDH were 
detected by western blotting in the frontal cortex after 14 days of repeated ACTH administration. D: Neuronal nuclei (NeuN)- or 
GFAP-positive cells were stained by immunohistochemistry and their numbers calculated from 30 slices. E: Representative pic-
tures show GFAP-positive cells in the prefrontal cortex of rats administered with saline or ACTH for 14 days. Scale bar = 50 
μm.
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We also investigated the effect of glucocorticoids on 
the number of astrocytes and GR expression in vivo us-
ing a repeated ACTH administration model characterized 
by excessive glucocorticoid release and hyperactivation 
of the HPA axis. Fourteen days of ACTH administration 
reduced GR expression in both the frontal cortex and 
hippocampus. Furthermore, ACTH also reduced GFAP 
expression and the number of astrocytes in the frontal 
cortex (Fig. 7). Previous study using hippocampal astro-
cyte suggested dexamethasone decreased GFAP expres-
sion (22). Therefore, there are only modest GFAP cell 
number changes even though reduction of GFAP expres-
sion. This in vivo study demonstrated that glucocorticoid 
treatment also decreased the number of astrocytes in vivo 
and suggests that reduction in GR expression inhibits cell 
proliferation in the prefrontal cortex, similar to that ob-
served in the in vitro study. In vivo study, glucocorticoid 
exposure by ACTH may inhibit proliferation of astro-
cytes and its progenitor cells. It has been previously 
suggested that chronic ACTH administration in rats 
might provide a model of antidepressant-treatment–resis-
tant depression (23).

Mice that are heterozygous for the GR-knockout are 
believed to be a model of depression and exhibit reduced 
hippocampal neurogenesis (24), while mice with reduced 
GR expression in the frontal cortex show dysfunction of 
the HPA axis and depression-like behaviors (13). These 
in vivo reports revealed that compromised GR function 
could elicit depression-like behaviors. Therefore, we 
propose that dysfunction of GR, including the reduction 
in GR expression, inhibits astrocyte proliferation result-
ing in depression-like symptoms. Consistent with this 
proposal, a previous study of a rat model of depression 
identified a reduction in the number of astrocytes in the 
prefrontal cortex, hippocampus, and amygdala (9). Fur-
thermore, previous reports suggested that chronic stress 
could decrease the number of astrocytes in the frontal 
cortex and hippocampus (10, 25). Currently, there is no 
direct evidence that a reduction in the number of astro-
cytes causes the pathogenesis of depression and thus 
further studies are required.

Serotonin reuptake inhibitors are commonly used in 
the clinical treatment of depression. Fluoxetin, a selec-
tive serotonin reuptake inhibitor, has been shown to re-
store the number of astrocytes in the hippocampus fol-
lowing their reduction by chronic stress (25). Regarding 
antidepressant drugs and GR, previous reports suggested 
that antidepressants increase GR expression in various 
brain regions and enhance neurogenesis by activating 
GR (26 – 28). Another report suggested that gliotoxin 
injection into the hippocampus inhibited the effect of an 
antidepressant in a rat model of depression (29). There-
fore, altered astrocyte proliferation appears to play an 

important role in the pathogenesis of depression and 
could be a potential target for therapy.

Taken together, our results and previous reports sug-
gest that chronic stress causes dysfunction of the HPA 
axis and subsequent excessive glucocorticoid release and 
that glucocorticoid exposure decreases GR expression, 
ultimately leading to a reduction in the number of 
astrocytes.
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