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We assessed whether chronic treadmill exercise attenuated restraint stress-induced cognition impair- 
ment. Although serum corticosterone was not significantly altered by exercise, the restraint-induced 
increases in hippocampal malondialdehyde (MDA) and 4-hydroxynonenal (HNE) were reduced by
chronic exercise. The exercise paradigm also reversed stress-induced reductions in brain-d erived neuro- 
trophic factor (BDNF), which increased cAMP response element -binding protein (CREB) and AKT activa- 
tion. We verified the relationship between oxidative stress and BDNF signaling by treating primary 
hippocampal cultures with hydrogen peroxide (H2O2), which reduced BDNF and phosphorylated CREB 
and AKT (p-CREB, p-AKT) in a dose-depende nt manner. Notably, pretreatment with N-acetylcystei ne
(NAC) reversed these decreases in a dose- dependent manner. These findings suggest that chronic exercise 
can ameliorate repeated stress-induced cognitive impairment by detoxifying reactive oxygen species 
(ROS) in the hippocampus and activa ting BDNF signaling.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

A growing body of research suggests that chronic stress leads to
widespread changes in neural, endocrine, immune, and digestive 
responses. The hippocamp us is particularly susceptible to chronic 
stress-induced neuronal damage, including atrophy of the CA3 re- 
gion and decreased neurogen esis and synaptic plasticity, which re- 
sults in impaired cognitive function [1,2].

Corticostero ne that mediates stress response and adaptatio n is
secreted in response to stress via hypothal amic–pituitary–adrenal
(HPA) axis activation. Corticosteroid levels are increased by restraint 
stress in rodent models, and exogenou s glucocorticoi d result in hip- 
pocampal dendritic atrophy and impaired cognition [1,2]. Several 
studies have demonstrat ed that restraint stress or corticostero ne
treatment induce oxidative stress [2,3]. Increased nitric oxide (NO)
levels and lipid peroxida tion were observed following a 21 days per- 
iod of restraint stress [2–5]. Others have reported that restraint 
stress reduces antioxidant defense systems [2,5,6].

Brain-derive d neurotrophic factor (BDNF) is highly expressed in
the hippocampus and cerebral cortex, where it contributes to neu- 
ronal growth, developmen t, plasticity, survival, neuropro tection,
and repair [7–9]. Reduced hippocampal BDNF levels are closely 
ll rights reserved.
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linked to chronic stress and psychiatric illnesses, including depres- 
sion [9–11]. Interestingl y, antidepress ant treatment increases 
BDNF serum levels in depresse d patients [12]. BDNF deficiency
can also result in cognitive impairment [13].

Chronic physical exercise is beneficial for both mood disorders 
and cognitive impairment [14–16]. Altered long-term potentiation 
(LTP) expression and cognitive function in aged mice were success- 
fully restored by exercise [16,17]. However, there is little evidence 
that stress-induced cognitive deficits can be helped by chronic 
exercise.

Here, we attempted to investigate whether chronic exercise im- 
proved restraint stress-induced cognitive impairment , with a spe- 
cific focus on oxidative stress mechanis ms and abnormal BDNF 
signaling.
2. Materials and methods 

2.1. Experimen tal mice 

Male 7 week-old C57BL/6J mice were obtained from Daehan 
Biolink, Inc. (Eumsung, Chungbuk, Korea) and housed in clear plas- 
tic cages in specified pathogen-free condition s under a 12:12 h
light-dar k cycle (lights on at 0600 and off at 1800). Mice had free 
access to standard irradiated chow (Purina Mills, Seoul, Korea).
All animal procedures were approved by the Institutional Animal 
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Care and Use Committee at Sungshin Women’s Universit y in accor- 
dance with the AAALAC Internationa l Animal Care policy.

2.2. Experimenta l design 

The mice were divided into 3 groups (control, restraint stress, exer-
cise combined with restraint stress group; 10–12 mice per group). We
employed our previously described exercise protocol [18]. Briefly,
treadmill exercise (Myung Jin Instruments Co., Seoul, Korea) was per-
formed at 19 m/min for 60 min/day, 5 days/week from 0 to 12 weeks.
Treadmill running was administrated at set times from 1800. To induce
restraint stress, 8 week-old mice were individually placed into a well-
ventilated 50 mL conical tube, which prevented forward or backward
movement. Restraint stress was delivered at set times from 1000 to
1600 for 6 h. Control mice remained undisturbed in their home cages.
This was repeated for 21 days unless otherwise indicated. Mice were
subjected to restraint stress from 1000 to 1600 for 6 h, followed by
exercise intervention 2 h later. Restraint stress was started at
9 weeks and ended at 12 weeks (Fig. 1A).

2.3. Y-maze test 

The Y-maze consisted of 3 equal-sized arms that were V-shaped 
corridors made of white PVC. The arms measure d 38.5 cm long,
Fig. 1. Chronic exercise ameliorated repeated stress-induced learning and memory imp
short-term memory. (C) Quantitative analysis of water maze test data for learning ability
presented as the means ± SEM (n = 8 animals). � and �� denote differences at p < 0.05 an
and the restraint group, respectively.
3 cm wide, and 13 cm high, and were oriented at 60� angles from 
each other (JEUNG DO Bio & Plant Co. LTD, Seoul, Korea). The Y-
maze test was performed under moderate lighting conditions 
(200 Lux) with moderate ly loud background white noise (40 db).
Mice began a single trial at the end of 1 arm and were allowed 
to freely explore the Y-maze for 8 min. The number and sequence 
of arm visits were recorded manually by an observer. Alternation 
was defined as a consecutive entry in 3 different arms. The alterna- 
tion percentage was calculated with the following formula: (num-
ber of alternations /total number of arm visits) � 2.

2.4. Water maze test 

The test was performed using the SMART-CS (Panlab, Barcelona,
Spain) program in an air-condi tioned room. The water maze exper- 
iment was carried out in an air-conditio ned room in a 1.5 m diam- 
eter plastic circular pool with 22 �C water containing powdere d
milk to obstruct the platform. Escape latency was monitore d by a
computer , using the SMART-L D program, which was connected 
to a ceiling-m ounted camera mounted directly above the pool.
The training schedule consisted of 2 trials per day over 5 test days,
and each trial assessed the ability of the mouse to reach the plat- 
form within 60 s. On day 6, the mice were subjected to 3 probe tri- 
als, where they would swim for 60 s with no platform. The times 
airment. (A) Experimental design. (B) Quantitative analysis of Y-maze test data for 
. (D) Quantitative analysis of water maze test data for long-term memory. Data are 

d p < 0.01, respectively. �� and ## denote differences at p < 0.01 compared to day 1
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required to reach the previous platform location (escape latency)
were recorded. Each trial was stored on videotape for subsequent 
analysis.

2.5. Western Blot analysis 

Protein samples (50 lg) were electroph oretically separated on
10% polyacry lamide gels, transferred to nitrocellul ose membranes 
(Amersham Bioscienc e, Buckinghamshi re, UK), and incubate d with 
primary antibody in a blocking buffer at room temperature over- 
night. The next day, they were washed in a washing buffer and 
incubated with horseradish peroxidase-con jugated secondary anti- 
body for 2 h at room temperature . The optical density of each band 
was measure d using SCION program (NIH Image Engineering,
Bethesda, MD, USA).

Anti-phosph o-cAMP response element-bin ding protein (CREB),
anti-CREB, anti-phospho-A KT, anti-AKT, and anti- b-actin antibod- 
ies were obtained from Cell Signaling Tech. Inc. (Danvers, MA,
USA), and anti-BDNF antibody was from Santa Cruz Biotechn ology 
(Santa Cruz, CA, USA).

2.6. Immunohist ochemistry and immunofluorescence 

Mice were perfused through the left cardiac ventricle with 
100 mM phosphate buffer (pH 7.4) followed by 40 mL of cold 4%
paraformald ehyde in 100 mM phosphate buffer. After perfusion,
the brains were quickly removed , fixed for 18 h with the same fix-
ative at 4 �C, and subsequently transferred to 10%, 20%, and 30% su- 
crose solutions. Finally, 40 lm-thick sections were prepared using 
a vibratome (Leica, Wetzlar, Germany).

Free-floating sections were treating with 0.3% hydrogen perox- 
ide (H2O2) in 100 mM phosphat e-buffered saline (PBS) containing 
0.3% Triton X-100 for 30 min, and nonspeci fic protein binding 
was blocked by incubation with 10% normal goat serum in PBS 
for 1 h. Sections were incubate d with anti-NeuN primary antibod- 
ies (Millipore, Billerica, MA, USA) at room temperature overnight.
Primary antibodies were reacted with biotinylated secondar y anti- 
bodies diluted 1:1500 in PBS blocking buffer and visualized by the 
ABC method (ABC Elite kit, Vector Laboratories; Burlingame , CA,
USA), and the sections were mounted.

For immunofluorescence, sections were incubated with anti- 
HNE primary antibodies (Alpha Diagnostic Int’l. Inc., San Antonio,
TX, USA) at room temperature overnight. Primary antibodies were 
reacted with fluorescein isothiocyan ate (FITC)-conjugated anti- 
rabbit IgG secondary antibody diluted 1:200 in PBS blocking buffer.
Sections were mounted with VECTASHIELD (Vector Laboratories),
and the images were analyzed using an Olympus BX 51 microscop e
equipped with a DP71 camera and DP-B software (Olympus Co.,
Tokyo, Japan). Fluorescence intensities were measured using TOM- 
ORO ScopeEye program (Techsan Community, Seoul, Korea).

2.7. Corticosteron e measurements 

Blood was collected from the vena hypogastrica after anesthet i-
zation with pentobarbi tal (40 mg/kg). Blood samples were centri- 
fuged at 1000 �g for 15 min to obtain serum. Corticostero ne
levels were measured from serum using enzyme immunoassay kits 
(Cayman Chemical, Ann Arbor, MI, USA).

2.8. Malondialde hyde (MDA) determination 

MDA levels were measure d in brain samples using the Bioxy- 
tech MDA 586 kit (Oxis Research, Portland, OR, USA) in accordance 
with manufactur er’s instructions. MDA data were normalized to
sample protein concentr ations.
2.9. Primary hippocampal culture and cell death measurement 

Primary hippocampal cultures were prepared from E17 ICR 
mouse hippocamp us. Briefly, dissociated single cells were plated 
in RF media, DMEM with 10% FBS, 1� penicillin/strep tomycin,
1.4 mM L-glutamine, and 0.6% glucose, in 12-well plates for 
1 day. On day in vitro 1 (DIV1), the cells were incubate d in Neu- 
robasal media with 1� B27, 1� penicillin/strep tomycin, and 
1 � L-glutaMax, and the media was changed every 2 days.
DIV7-9 cultures were used for studies. Cell death was assessed 
by measuring lactate dehydrogen ase (LDH) released into the cul- 
ture medium using a LDH assay kit (Roche Diagnostics Corpora- 
tion, Indianapolis , IN, USA) according to the manufac turer’s 
instructions. Culture medium collected 18 h after drug treat- 
ment. Complete cell death was accomplished by treating cells 
with 2 mM H2O2 for 18 h The results were normalized such that 
sham-treate d cultures and complete cell death were counted as
0% and 100%, respectively .

2.10. Statistical analysis 

Significant differenc es among groups were determined using 
one-way analysis of variance and repeated measureme nt (SPSS for 
Windows , version 18.0, Chicago, IL, USA). Post-hoc comparis ons 
were made using Newman–Keuls tests. All values are reported as
mean ± standard error (SE). Statistica l significance was set at
p < 0.05.
3. Results 

3.1. Chronic exercise reduced repeated stress-induced learning and 
memory impairment 

First, we assessed whether 12 weeks of treadmill exercise re- 
stored stress-induced learning and memory impairment using Y-
maze and water maze tests. Y-maze performanc e was significantly
higher in the exercise group compared to restrained mice (p < 0.05)
but was comparable to the level of control mice (Fig. 1B). The water 
maze data revealed that control group latency was significantly de- 
creased on days 4 and 5 (both p < 0.01) compare d with that on day 
1 (Fig. 1C). Interestingl y, the latency of restrained mice did not 
change over time, whereas that of the exercise group was signifi-
cantly reduced on days 4 and 5 (both p < 0.01) relative to day 1
(Fig. 1C). The latencies of the control and exercise groups were pro- 
foundly reduced on days 4, 5, and 6 (all p < 0.01) compared with 
the restrained group. Expectedly, the latencies of the control and 
exercise groups were not significantly different on the final day 
(Fig. 1D).

3.2. Chronic exercise did not affect serum corticosterone 

Because the hippocampus is vulnerabl e to increased cortico- 
sterone levels induced by chronic stress, we assessed the serum 
levels of immediatel y after the final restraint. There was no sig- 
nificant differenc e between restrained mice (368.4 ± 21.6 ng/mL)
and mice restrained with exercise (412.4 ± 32.6 ng/mL), but both 
2 groups were significantly elevated compared with control 
(75.4 ± 10.5 ng/mL, p < 0.01) (Fig. 2A). Despite these differenc es,
the numbers of NeuN-pos itive neurons in the CA3 region were 
compara ble across all groups (Fig. 2B and C).

3.3. Chronic exercise reduced oxidative stress 

Given that repeated stress has been demonst rated to evoke oxi- 
dative stress via corticost erone, we measured hippocampal 



Fig. 2. Chronic exercise attenuated repeated stress-induced hippocampal oxidative stress without neuronal loss. (A) Quantitative analysis of serum corticosterone levels. (B)
Photomicrographs showing hippocampal NeuN immunoreactivity (a, Control; b, Restraint; c, Restraint with Exercise). (C) Quantitative analysis of NeuN+ cells. (D)
Quantitative analysis for MDA. (E) Photomicrographs showing hippocampal 4-HNE + immunoreactivity (a, Control; b, Restraint; c, Restraint with Exercise). (F) Quantitative 
analysis for layer density. Data are presented as the means ± SEM (n = 8 animals). � and �� denote differences at p < 0.05 and p < 0.01, respectively.
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MDA and 4-HNE. Interestingl y, the stress-induced MDA 
increase (55.8 ± 4.2 pmol/mg) was reversed by chronic exercise 
(41.8 ± 4.8 pmol/mg protein, p < 0.05, Fig. 2D). Moreover, 4-HNE 
immunorea ctivity in the CA3 region was significantly lower in
the exercise group compared to the restrained only group 
(p < 0.05, Fig. 2E and F).
3.4. Chronic exercise reversed BDNF reductions induced by repeated 
stress

We used Western Blots to measure the expression of BDNF and 
downstre am signal molecules, including CREB and AKT. We found 
that BDNF expression was markedly reduced by repeated stress 



Fig. 3. Chronic exercise reversed BDNF expression decreases induced by repeated stress. (A) Western Blots for BDNF, CREB, AKT, p-CREB, and p-AKT. (B) Quantitative analysis 
of Western Blots (normalized to b-actin). Data are presented as the means ± SEM (n = 8 animals). � and �� denote differences at p < 0.05 and p < 0.01, respectively.
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(p < 0.05), and this was reversed by chronic exercise (p < 0.05,
Fig. 3A and B). Additionally, the profound reductions in phospho- 
CREB and phospho -AKT following repeated stress (p < 0.05) were 
attenuated by chronic exercise (p < 0.05, Fig. 3A and B).
3.5. Exogenous antioxidan t treatment reversed BDNF signaling 
impairments induced by oxidative stress 

The dramatic downregulati on of BDNF signaling and increased 
oxidative stress induced by repeated stress led us to assess the re- 
sponses of BDNF, p-CREB, and p-AKT to H2O2 treatment in primary 
hippocampal culture. We found that 0 to 2 mM H2O2 treatment for 
18 h accelerated cell death in a dose-dependent manner; 250 lM
H2O2 treatment produced about 50% cell death (Fig. 4A). Next,
we tested measured BDNF, p-CREB, and p-AKT levels in cells ex- 
posed to H2O2 (0–250 lM) and found that they were reduced in
a dose-dep endent manner (Fig. 4B and D). However, primary hip- 
pocampal cultures pretreate d with 0.5 and 2 mM of the antioxi- 
dant N-acetylcystei ne (NAC) for 2 h enhanced BDNF, p-CREB, and 
p-AKT expression in a dose-depend ent manner (Fig. 4C and E).
4. Discussion 

Our results demonst rate that chronic exercise mitigates re- 
peated stress-induced cognitive impairment , likely by reducing 
oxidative damage and restoring hippocampal BDNF signaling. In
this experiment, restraint stress reduced Y-maze and water maze 
performanc e, suggesting that the restraint stress paradigm re- 
sulted in cognitive impairment .

Body weight of control group was progressive ly increased 
througho ut 21 day experime ntal period, and then reached 111.5%
of the starting point, whereas that of restraint-alone and of re- 
straint combined with exercise reached 101.9% and 102.6% at the 
end of restraint stress administrat ion, respectively (Supplement ary 
Fig. 1). Mice administ rated with 6 h per day of the 21 consecutive 
days of restraint stress weighed less than control mice, regardless 
of exercise treatment. This result suggests that restraint stress in- 
duces alteration of body weight and exercise does not effect on
body weight change. Animals that were subjected to restraint 
stress and exercise showed significantly higher learning and mem- 
ory performanc e compared to the restraint alone group. Stress can 
increase corticosterone levels, which may render the hippocampus 
more susceptible to neuronal damage, including reduced dendritic 
branching and glutamatergic spine loss, thereby causing cognitive 
impairment [1,19–20]. However, we found that corticosterone lev- 
els in the restraint combined with exercise group were comparable 
to that of restraint alone, suggesting that corticost erone is not a
key mediator in protective effect of exercise.

We did observe differenc es in ROS levels; MDA and HNE were sig- 
nificantly enhanced in restrained mice compared to the restraint 
combined with exercise group. Restraint stress or glucocorticoi d



Fig. 4. Oxidative stress downregulated BDNF signaling, which was reversed by exogenous antioxidant treatment. (A) Quantitative analysis of primary hippocampal culture 
cell death following H2O2 treatment. (B) Western Blots for BDNF, CREB, AKT, p-CREB, and p-AKT in primary hippocampal culture treated with H2O2. (C) Quantitative analysis 
of Western Blots (normalized to b-actin). (D) Western Blots for BDNF, CREB, AKT, p-CREB, and p-AKT in primary hippocampal culture with H2O2 and NAC. (E) Quantitative 
analysis of Western Blots (normalized to b-actin). Data are presented as the means ± SEM (n = 8 animals). � and �� denote differences at p < 0.05 and p < 0.01, respectively.
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administrat ion induces hippocamp al oxidative stress [2–4,18,21],
and stress-induced redox imbalance may cause structural changes 
that impair cognition [22–23]. Here, repeated restraint stress-in- 
duced ROS accumulation was significantly reversed by exercise.
Chronic exercise can increase antioxidant defensive responses. Pro- 
longed exercise prevented increased brain lipid peroxida tion in
sleep deprivati on and chronic cerebral hypoperfus ion [24–25]. We
previously showed that repeated restraint stress-ind uced oxidative 
stress was markedly ameliorated by an 8 week exercise regimen 
[18]. Emerging evidence suggests that exercise induces the expres- 
sion of genes that affect antioxidant defense systems. Exercise has 
been shown to reduce oxidative stress and behavioral anxiety by
exercise altering the expression of pro- or antioxidant enzymes,
including superoxide dismutases (SOD)-1 and SOD-2, and glutathi- 
one peroxida se (GPx) in sleep-depriv ed and aged mice, suggesting 
exercise-prod uced improvement of antioxidant capacity [24–26].
In addition, exercise-mediate d induction of peroxisome prolifera -
tor-activ ated receptor gamma coactivator 1-alpha (PGC-1a) pro- 
motes the expression of antioxidant enzymes , including Mn-SOD,
Cu/Zn-SOD , and GPx, thereby decreasing oxidative damage in the 
brain [26–28]. Collectively, the literature supports our findings that 
exercise protects against restraint stress-induced oxidative damage 
in the hippocampus.

A growing body of evidence suggests that restraint stress or cor- 
ticostero ne treatment suppresses hippocampal BDNF levels, which 
occurs concomitantly with impaired cognition [13,29–31]. Various 
exercise protocols induce BDNF expression, and AKT/CREB activa- 
tion plays a crucial role in exercise- induced hippocampal BDNF 
transcrip tion [18,31–33]. Some studies suggest that the effects of
chronic stress on BDNF levels and cognitive impairment are 
related to oxidative stress; both are improved by enhancing the 
antioxidant defensive capacity [14,18,28 ,30] . The results of our 
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primary hippocampal culture experiments demonstrat e a direct 
relationship between oxidative stress and BDNF signaling, indicat- 
ing ROS-mediated regulation of hippocampal BDNF signaling.

In conclusio n, chronic exercise can rescue repeated stress-in- 
duced cognitive impairment through the activation of AKT/CREB/ 
BDNF signaling and ROS detoxification.
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