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Abstract. The present study investigated the effect of 
exogenous estrogen on post‑stroke depression. Rats were 
exposed to chronic mild stress following middle cerebral 
artery occlusion. The occurrence of post‑stroke depression 
was evaluated according to the changes in preference for 
sucrose and performance in a forced swimming test. Estrogen 
therapy significantly improved these neurological symptoms, 
indicating that estrogen is effective in treating post‑stroke 
depression. Increased brain‑derived neurotrophic factor 
(BDNF) expression was reported in the hippocampus of rats 
that had been treated with estrogen for two weeks, suggesting 
that BDNF expression may be an important contributor to 
the improvement of post‑stroke depression that is observed 
following estrogen therapy. 

Introduction

Depression is a common complication of stroke, occur-
ring in ~33% of patients  (1,2); the clinical symptoms of 
this include feelings of guilt, low self‑esteem, reduction in 
food intake, sleep disorders and fatigue. There are between 
1.6‑2.0  million new stroke patients in China every year 
and post‑stroke depression (PSD) is closely associated with 
the increased risk of mortality following a stroke (3). PSD 
negatively impacts upon subsequent rehabilitation; in a 
previous study by Sinyor et al, PSD patients demonstrated 
greater functional impairment than patients without depres-
sion, also scoring lower on behavioral action and functional 
status  (4). The severity of depression is closely associ-
ated with health‑associated quality of life and functional 
recovery in stroke survivors (5). PSD patients demonstrate 

a negative mood during rehabilitation and achieve poorer 
outcomes during functional recovery therapy. These patients 
also have greater difficulty in restoring social activities (6). 
Several studies have described a higher mortality rate in 
stroke patients with depression  (7), and certain studies 
have reported that PSD patients using antidepressant drugs 
demonstrate improved ability to function than those without 
antidepressant therapy. The treatment of depression has been 
demonstrated to aid functional recovery (8), meaning that the 
early diagnosis and effective treatment of PSD are crucial to 
recovery from a stroke. 

Brain‑derived neurotrophic factor (BDNF) is a member 
of the neurotrophin family, which regulates neurogen-
esis (9), apoptosis (10), the expression level of monoamine 
transmitters  (11), and the function and plasticity of 
synapses  (12). Neurotrophins may be key in the develop-
ment of depression (13); BDNF, for instance, can activate 
intracellular mitogen-activated protein kinase/extracellular 
signal-regulated kinase cascade signaling pathways  (14), 
affecting synaptic plasticity (12) and alleviating the symp-
toms of depression (15), and BDNF may thus be important in 
the maintenance of emotional stability. Deletion of the BDNF 
receptor induces a reduction in neurogenesis and increases 
anxious behavior  (16). Additionally, BDNF expression is 
associated with 5‑hydroxytryptamine receptor expression in 
the brain, particularly the hippocampus (11), and is hypoth-
esized to treat depression in animals by improving the activity 
of monoamine transmitters in response to antidepressant 
drugs (17). BDNF is therefore considered to be a key neuro-
trophic factor that modulates a depressive mood through 
its activity in the hippocampus. In clinical practice, serum 
BDNF is lower in patients with depression, but antidepressant 
treatment can induce an increase in BDNF levels (18), making 
serum BDNF a sensitive peripheral marker that is predic-
tive of the severity of depression (19) and of the treatment 
outcome (20). Concordantly, previous studies have indicated 
that the concentration of BDNF is lower in PSD patients than 
in non‑PSD patients (21). Prior studies predominantly focused 
on the association between serum BDNF levels and depres-
sion severity. BDNF is expressed in multiple regions of the 
brain, including the hippocampus, and is involved in brain 
functionality (22), making BDNF levels a useful metric to 
predict the severity of depression in PSD patients. 

Estrogen therapy increases BDNF expression and improves 
post-stroke depression in ovariectomy-treated rats
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Estrogen is an effective mood regulator and causes 
antidepressant‑like effects on a depression model in rats (23). 
Estrogen acts on the central nervous system through its 
nuclear receptors. There are two well‑known types of estrogen 
receptors (ER): ERα and ERβ. ERs are widely distributed in 
the brain and ERβ is abundantly expressed in the rat hippo-
campus (24). Estrogen implements its antidepressive effects 
by activating ERβ  (25). Numerous previous studies have 
indicated that estrogen and BDNF stimulate neurogenesis in 
the hippocampus (9,26) and are involved in synaptic modi-
fication (27,28) to enhance learning and memory (28‑30). 
Resultantly, the present study investigated the association 
between estrogen and BDNF in the hippocampus and the 
hypothesis that BDNF is involved in estrogen‑mediated anti-
depressant effects upon PSD.

Materials and methods

Animals. Female two-month-old Sprague‑Dawley rats, each 
weighing 230‑250 g, were used in all experiments (Wenzhou 
medical University, Wenzhou, China). The rats were housed 
under the following conditions: A 12:12‑h light‑dark cycle, 
with lights on at 7:00  a.m.; temperature maintained at 
21±2˚C; and the provision of food and water ad libitum. 
All animal procedures were performed in accordance with 
the guidelines of the Animal Care and Use Committee of 
Wenzhou Medical University. All surgical procedures were 
performed under chloral hydrate anesthesia  (21). In order 
to develop a PSD model, the rats were randomly divided 
into four groups as follows: The sham/control group, the 
middle cerebral artery occlusion (MCAO)/control group, the 
sham/chronic mild stress (CMS) group and the MCAO+CMS 
group (n=20). Comparison of these groups was used to vali-
date the animal models. The sham/control (control) group 
and the MCAO+CMS  (PSD) group were then randomly 
divided into matched subgroups for subsequent estrogen 
treatment, as follows: The vehicle‑treated control group, the 
estradiol (E2)‑treated control group, the vehicle‑treated PSD 
group and the E2‑treated PSD group (n=10). Comparison of 
the four groups was used to evaluate the effect of estrogen on 
PSD. The entire experiment lasted for six weeks (Fig. 1). 

Ovariectomy. All rats were subjected to an ovariectomy prior 
to grouping. All experimental procedures were approved by 
the ethics committee of Wenzhou Medical University. Under 
chloral hydrate anesthesia (3.2 mg/kg), rats were kept in a 
supine position on the operating table. Surgery was performed 
through a median incision on the back, under chloral hydrate 
anesthesia. Two small cuts were made on the muscle 1‑2 cm 
away from lumbar vertebrae 1 and 2. The arteries beside the 
ovaries and the ovaries themselves were ligated and removed. 

MCAO. A week after ovariectomy, the MCAO/control and 
MCAO+CMS group rats were anesthetized with chloral 
hydrate (3.2 mg/kg). MCAO was induced using the intralu-
minal suture occlusion technique (31) and rats were placed 
on a temperature‑controlled heating pad throughout surgery. 
The left common, external and internal carotid arteries were 
exposed. The external carotid artery was ligated and cut off, 
and the middle cerebral artery was occluded by inserting a 

3‑0 suture from the basal section of the external carotid artery 
and advanced cranially into the internal carotid artery. The 
suture was inserted ~18 mm into the internal carotid artery 
and was carefully withdrawn 1.5 h after MCAO onset. The 
neurological deficits were evaluated by Bederson test (32). All 
scores of rats used in the present study were >1. Rats included 
in the sham group underwent sham surgery, which involved 
the same procedure, but without inserting the suture.

CMS procedure. The rats from the sham/CMS and 
MCAO+CMS groups were exposed to CMS procedures for 
a period of two consecutive weeks, beginning one week after 
MCAO. The weekly stress procedure consisted of i) food and 
water deprivation for 24 h; ii) cage tilt (40˚), in which the 
rats' cages were tilted for 24 h; iii) soiled cages, in which the 
sawdust in the cages was kept wet and dirty with 200 ml water 
in the sawdust and bedding to maintain a poor living environ-
ment for 24 h; iv) day and night reversal, involving turning on 
the light at 8:00 p.m. and off at 8:00 a.m.; v) restraint stress, 
which involved binding the rats to a fixator for 2 h so that the 
rats could not run or turn their bodies over; vi) cage tremor, 
in which the cages were put on a horizontal agitator that 
tremored continuously for 40 min; and vii) clamping of the 
rats' tails (3 cm from the end) using 3‑cm clips. Each rat was 
isolated throughout the CMS procedure. The control groups 
were maintained in suitable living conditions.

Drug administration. Following the CMS procedure, 
a  MCAO/CMS  (PSD) group and a ham/control (control) 
group of rats were injected subcutaneously with 10  µg 
17β‑estradiol (E2758; Sigma‑Aldrich, St. Louis, MO, USA) 
in 0.1 ml soybean oil between 9:00 and 10:00 a.m. every day 
for two weeks. In another PSD group and control group, the 
vehicle was administered in the same manner.

Behavioral tests
Sucrose preference test. Each group of rats had free access to 
two bottles containing 1% sucrose solution on the first day and 
two bottles, one containing 1% sucrose solution and the other 
containing water, on the second day in order to adjust to this 
test. The rats were deprived of food and water for 23 h prior to 
the sucrose preference test, which was performed as follows: 
Rats were provided with two bottles, one containing 1% sucrose 
solution and the other containing water, beginning between 
9:00 and 10:00 a.m. Data were collected by weighing the 
two bottles after 1 h, in order for the comparative consumption 
of sucrose solution and water to be analyzed and a preference 
calculated using the formula: Preference (%) = Sucrose solu-
tion intake / total intake x 100. The baseline sucrose preference 
test was performed prior to MCAO, and the sucrose preference 
was monitored every week during periods of establishment of 
the model and treatment.

Open field test. A quadrate box was used for this experiment. 
The box was 40 cm in height, 100 cm in length and 100 cm 
in width. The wall was black and the floor was divided into 
25 squares. Rats were placed on the floor and the scores of the 
horizontal movement and vertical movement were recorded for 
3 min). The baseline open field test performance was recorded 
prior to MCAO, and locomotory activity during the open field 
test was monitored every week whilst establishing the model.
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Forced swimming test. The forced swimming test is a stan-
dard test used to screen compounds for antidepressant‑like 
activity. Swim sessions were conducted by placing rats in glass 
cylinders (45 cm tall x 18 cm in diameter) containing 23‑25˚C 
water at a 30-cm depth. All rats were placed in this cylinder 
individually, with no escape platform, for 15 min as an initial 
pre‑test. The following day, each rat was placed in the cylin-
ders for 5 min. Rats were then removed from the cylinders 
and dried with paper towels. During the test period, the time 
of 2 behaviors were recorded: i) Immobility: A rat was judged 
to be immobile when it remained floating in the water without 
struggling and was only making slight movements necessary 
to keep its head above water; and ii) struggling: A rat was 
judged to be struggling when it was making active attempts to 
escape from the cylinder, including searching for the escape 
routes and diving. This test was carried out every week during 
the period of treatment.

Western blot analysis. Animals were sacrificed after 2 weeks 
of treatment. Rats were anesthetized and decapitated, and their 
brains were rapidly removed and placed on ice for immediate 
dissection of the required brain regions. Dissected tissue was 
frozen and stored at ‑80˚C until the next experiment.

The hippocampus was isolated and homogenized in 
cell lysis buffer containing phenylmethanesulfonyl fluoride 
(Beyotime, Shanghai, China). Proteins (100 µg total protein) 
from hippocampus extracts were separated on 12% sodium 
dodecyl sulfate‑polyacrylamide gels (Beyotime); following 
this, proteins were transferred to a polyvinylidene difluoride 
membrane (Beyotime) using electroblotting. The membranes 
were incubated with a blocking solution comprising 
Tris‑buffered saline (Beyotime) and 0.05% Tween‑20 
(Beyotime) containing 5% skimmed milk for 2 h. Following 
blocking, the membranes were incubated with rabbit 
anti‑BDNF polyclonal antibody (1:200; ab6201; Abcam, 
Cambridge, MA, USA) at 4˚C for 18 h, then the membranes 
were washed and incubated with HRP‑labeled goat anti‑rabbit 
secondary antibody for 1 h at room temperature and devel-
oped using enhanced chemiluminescence. The X‑OMAT 
BT films (Kodak, Rochester, NY, USA) were scanned and 
densitometric analyses were performed using Quantity One 
(Bio‑Rad, Berkeley, CA, USA). β‑actin was used as an endog-
enous loading control.

Statistics. A repeated measures analysis of variance 
(ANOVA), with treatment and time as the 2 variables, was 
used to analyze the data arising from behavioral tests. Post 
hoc analyses for multiple comparisons were made using a 
least significant difference (LSD) test. Group differences 
were considered statistically significant at P<0.05. The BDNF 
protein level was analyzed by one‑way ANOVA. Furthermore, 
results from post hoc tests using LSD measures with P<0.05 
were considered to be statistically significant.

Results

Establishment of the PSD animal model
Sucrose preference test. A repeated measures ANOVA of 
sucrose preference level between groups during model establish-
ment determined that consumption of sucrose decreased during 

the CMS procedure. Variance (group vs. time) was analyzed by 
repeated measures, revealing no identifiable significant effects 
with regard to time (F=3.015; dF=2; P=0.055), but a signifi-
cant difference among groups in terms of sucrose preference 
(F(3,76)=12.85; P<0.05). Sucrose preference was considerably 
reduced in the MCAO+CMS group compared with the other 
groups, arising after only one week of stress and becoming 
markedly different on the second week (Fig. 2A); post hoc 
analysis revealed that the difference between the MCAO+CMS 
and sham/control groups was statistically significant (P<0.05). 
The sucrose preference of the MCAO+CMS group was lower 
than that of the sham/CMS group (Fig. 2A), but there was 
no statistical difference between the two groups. This result 
demonstrated severe depression in the MCAO+CMS group, 
meaning that MCAO+CMS treatment was successful in estab-
lishing a PSD model. Due to the destruction of brain tissue, the 
sucrose preference of the MCAO/control group declined, but 
the difference between the MCAO+CMS and MCAO/control 
groups was statistically significant (P<0.05) (Fig. 2A).

Open field test. In order to further demonstrate the severity 
of depression, rats were also assessed for changes in activity. 
Variance (group vs. time) analyses demonstrated a significant 
time‑by‑treatment interaction (F=2.322; dF=6; P=0.042). Rats 
gradually adapted to the open field box and groups undergoing 
CMS demonstrated significantly reduced horizontal (P<0.05; 
Fig.  2B) and vertical activity (P<0.05; Fig.  2C). An acute 
reduction in movement occurred in the first week of model 
establishment. A significant difference was reported between 
the groups after two weeks in terms of horizontal (F(3,76)=9.586; 
P<0.05; Fig. 2B) and vertical (F(3,76)=7.929; P<0.05; Fig. 2C) 
movement. Post hoc analyses demonstrated a significant differ-
ence between the MCAO+CMS group and the other groups 
in terms of horizontal and vertical movement (P<0.05). The 
MCAO+CMS rats were less curious to explore their surround-
ings and exhibited depression. 

Evaluation of the antidepressive effects of estrogen
Sucrose preference test. The sucrose preference of the 
vehicle‑treated and estrogen‑treated groups was compared; 
two weeks of estrogen treatment led to a significant increase in 
sucrose preference in the E2‑treated PSD groups (P<0.05), but 
no significant change in the vehicle‑treated groups (Fig. 3A). 
The sucrose preference of the E2‑treated PSD group was 
similar to the control groups, although a statistically significant 
difference remained.

Forced swimming test. Immobility time was reduced 
and duration of struggling increased in the E2‑treated PSD 

Figure 1. Schedule of the experiment, with a total duration of six weeks. 
MCAO was induced one week after ovariectomy and the CMS procedure 
began one week after MCAO. CMS and drug treatment lasted two weeks 
each, prior to sacrifice. MCAO, middle cerebral artery occlusion; CMS, 
chronic mild stress.
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group over the treatment period, when compared with the 
vehicle‑treated PSD group (P<0.05), approaching the mean 
levels of the control groups. However, the difference in immo-
bility between the E2‑treated PSD group and the two control 
groups remained statistically significant  (Fig.  3B). The 
struggle time of the E2‑treated PSD rats significantly 
increased following E2 treatment  (P<0.05; Fig.  3C); 
however, no significant difference was identified between the 
E2‑treated PSD group and the two control groups (P>0.05), 
indicating a rescue of mood in the PSD group following 
estrogen treatment

Expression of BDNF in the hippocampus. Protein level 
was measured by western blotting after two weeks of treat-
ment. The BDNF band is indicated at ~28 kDa. The ratio 
of BDNF:β‑actin was used for statistical analysis. This ratio 
was different between the PSD groups (P=0.014), suggesting 
that the BDNF expression of the E2‑treated PSD group was 
significantly increased compared with the vehicle‑treated 
PSD group (P<0.05). No significant difference between the 
E2‑treated PSD and control groups was identified (P>0.05; 
Fig. 4).

Discussion

PSD occurs at high incidence rates in male and female stroke 
patients (1), but numerous previous studies have also revealed 
gender differences in PSD occurrence; these studies have 
predominantly reported a higher prevalence of depression 
among women than men (33). The higher frequency of PSD 
in female patients may be associated with medical condi-
tions, likelihood of rehabilitation and hormonal changes, 
amongst other causes, but hormonal level is considered to 
be a particularly noteworthy contributory factor. Age is 
similarly correlated with the frequency of PSD (34); female 
stroke patients are typically of an advanced age (34) and 
commonly undergoing menopause. This indicates that 
changes to estrogen levels may be a key contributory factor 
to the high prevalence of PSD in female patients. As a conse-
quence, ovariectomy‑treated rats were selected for use in the 
present study.

In the current study, a PSD model was established through 
MCAO, followed by CMS, to imitate the pathogenesis of 
PSD. PSD rats demonstrated severe depressive behaviors 
compared with MCAO and CMS rats, based on sucrose 
preference and open field tests. Brain injury and poor living 
conditions in the present study may have contributed to the 
observed mood disorders; these were introduced to reca-
pitulate clinical conditions, in which depression is caused 
by pathological changes to the brain and changes to lifestyle 
following a stroke. In the present study, MCAO was used to 
mimic trauma to the brain, specifically in the region of the 
brain controlling emotion, and CMS conditions were used 
to imitate the difficult life changes encountered following 
a stroke. Stroke patients often feel useless when they are 
unable to perform tasks that were previously easy and living 
conditions become uncomfortable due to their disability, so 
the present study aimed to replicate this. 

The effects of estrogen on BDNF expression in the hippo-
campus of the PSD rats and on animal behavior, reflective 

of mood, were analyzed. Estrogen replacement rescued 
BDNF protein expression in the hippocampus and improved 
depression following a stroke. Preference of sucrose and 
performance in a forced swimming test were regarded as 
key indicators to evaluate the antidepressant effect during 
treatment. The key finding of the present study was that 
estrogen could significantly improve depression in PSD rats, 
according to these metrics, through regulation of BDNF. 

Estrogen has been revealed to improve depression and 
to have neuroprotective effects on stroke patients (35). The 
present study demonstrated the therapeutic action of estrogen 
on the bio‑psycho‑social onset of PSD. Previous studies 
have reported that estrogen regulates the cell cycle at the 
G1/S transition, boosts neurogenesis following ER activa-
tion (36), and promotes B-cell lymphoma 2 expression and 
a decrease in apoptosis (37,38). The inflammatory reaction 
following stroke causes expansive damage in the brain (39), 

Figure 2. (A)  Performance of rats in the sucrose preference test; and 
(B) horizontal and (C) vertical movement in the open field test prior to 
MCAO (baseline), and after one and two weeks, prior to the CMS procedure. 
*P<0.05; **P<0.01. MCAO, middle cerebral artery occlusion; CMS, chronic 
mild stress.
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but this secondary injury following stroke can be blocked 
by estrogen  (35). Consequently, neurological function is 
significantly improved following estrogen treatment due to 
increased neurogenesis and decreased ischemia‑associated 
apoptosis (35). Estrogen may thus be an appropriate treat-
ment for PSD, as confirmed by the present study.

BDNF has an important function in emotional stability; 
it has been associated with the development of depression in 
clinical and experimental studies (40), and is an important 
marker to evaluate the severity of depression. In a previous 
study, the BDNF level was low in PSD patients  (21), and 
the present study reiterated this finding, demonstrating 
that BDNF expression in the PSD rats was substantially 
downregulated. In the current study, BDNF expression was 

significantly increased in the PSD group treated with E2, 
approaching the BDNF level of the control group. 

There are a number of similarities between estrogen and 
BDNF, which interact to exert their effects (41,42). A possible 
hypothesis is that estrogen can affect BDNF expression 
and that estrogen can promote neurogenesis. ER activation 
enhances cell proliferation  (36), which increased BDNF 
expression following estrogen treatment in the present study. 
Taken together, it appears plausible that estrogen promotes 
the release of BDNF, subsequently regulating the depressive 
mood following a stroke. 

The estrogen‑BDNF interaction begins an important 
molecular cascade to modulate the function of the hippo-
campus, which may be responsible for the antidepressant 
effects associated with estrogen treatment.

In summary, estrogen replacement therapy is suitable for 
the treatment of the PSD observed in ovariectomized rats 
and BDNF signaling may be the critical pathway by which 
estrogen is able to treat PSD; these findings may contribute 
to the treatment of PSD patients.
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Figure 4. Western blot analysis of hippocampal BDNF expression in the 
E2‑ and vehicle‑treated control groups, and the E2‑ and vehicle‑treated PSD 
groups. (A) Representative image of western blotting. The BDNF and β‑actin 
bands were observed at 28 kDa and 42 kDa, respectively. Values are presented 
as the mean ± standard error of the mean. (B) Histogram showing the ratio 
of protein. BDNF expression was upregulated in the PSD group following 
E2 treatment. *P=0.01 when compared with the ratio of the proteins after 
treatment with the vehicle. No significant difference was identified between 
the E2‑treated PSD group and the two control groups. BDNF, brain‑derived 
neurotrophic factor; E2, 17β‑estradiol; PSD, post‑stroke depression.

Figure 3. Effect of E2 on (A) sucrose preference, (B) time spent immobile 
during the forced swimming test and (C) struggle time in the forced swim-
ming test. Values are presented as the mean ± standard error of the mean. 
*P<0.05. E2, 17β‑estradiol; PSD, post‑stroke depression.
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