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Both clinical and pre-clinical studies have suggested that physical exercise is beneficial for lowering 
anxiety. However, some animal studies fail to demonstrate the anxiolytic effect of physical exercise. The 
inconsistencies among studies may be due to differences in animal models and behavioral tests. 
Previously, injection of corticosterone (CORT) for 14 days induced depression-like behavior to varying 
based on was shown. Animal model was used to investigate whether CORT treatment induced anxiety-
like behavior and to examine the anxiolytic effect of voluntary running using two behavioral 
measurements: open field test and elevated plus maze. Results indicated that running reduced anxiety-
like behavior in vehicle-treated animals in both tests. Treatment with CORT showed a significant 
anxiogenic effect in the open field test regardless of the doses, but not in the elevated plus maze. 
Running reduced anxiety in theopen field test, but showed no effect in elevated plus maze in the CORT-
treated rats. The data suggest the discrepancy of these two anxiety-related measures in the animal 
model of stress. 
 
Key words: Corticosterone (CORT), stress, voluntary running, open field test, elevated plus maze, anxiety-like 
behavior. 

 
 
INTRODUCTION 
 
Hippocampus is not only involved in cognitive functions, 
but also plays an important role in emotional regulation 
(Mac, 1949) and anxiety state (Bannerman et al., 2004). 
In our daily life, we always face challenges that are 
anxiogenic, for example sitting for an examination, job 
interviews and public presentations. Anxiety is a normal 
response to a stressor that helps an individual to promptly 
cope with the demanding situation. Anxiety disorder 
presents as an excessive pathological form of fear 
consisting of a fear state with excessive  reaction  for  the  
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actual threat. Anxiety disorder frequently presents in 
clinical psychiatry with a 30% occurrence rate. In 
addition, patients with co-occurring symptoms of anxiety 
always show worsened severity of depression (Mineka et 
al., 1998).  

In animal studies, it has been shown that exposure to 
acute uncontrollable stressors cause a variety of beha-
viors called learned helplessness such as exaggerated 
shock elicited freezing; deficits in shuttle box escape 
learning. These kinds of stress responses have been 
suggested to represent the animal analogs of human 
anxiety (Maier and Watkins, 1998). Physical exercise is 
known to reduce the signs and symptoms of anxiety 
disorder and depression with support from a number of 
human  studies  (Dun  et  al., 2001;  Merali  et   al., 2003; 
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Blumenthal et al., 2007). Recently, it has been reported 
that exercise could exert similar anxiolytic effect as 
antidepressant treatment in animals (Duman et al., 2008). 
Preventative and curative effects of physical exercise in 
depression- and anxiety-like behaviors in animal model 
have also been reported (Binder et al., 2004; Dulawa et 
al., 2004). In vehicle-treated rats, four or eight weeks of 
wheel running is able to alter anxiety behavior in the open 
field test, but not in the elevated plus maze (Burghardt et 
al., 2004). Chronic running (6-week) reduces anxiety-like 
behaviors in terms of exaggerated shock-elicited freezing 
and shuttle box escape deficits in rats exposed to 
uncontrollable stress (McKinney and Bunney, 1969). 
However, inconsistent effects of exercise in the animal 
models of anxiety have also been found in different 
studies in which animals with voluntary wheel running 
show anxiolytic effect (Duman et al., 2008; Salam et al., 
2009), no effect (Chiang et al., 2010) or anxiogenic effect 
(Burghardt et al., 2004). The differences in animal models 
(normal or stressed animals), animal species, and 
behavioral tests may contribute to the inconsistencies 
among those studies.  

Psychiatric patients suffering from depressive disorders 
are often associated with hyperactivation of 
hypothalamus-pituitary-adrenal axis (HPA axis) that leads 
to elevated plasma corticosteroids. Animal models with 
repeated stress have been widely used to study the 
neurobiological changes following stress exposure 
(Nestler et al., 2002). However, this model may increase 
the experimental variability since individual differences in 
the activation of HPA axis in response to stress exposure 
may result in different levels of CORT elevation among 
different individuals exposed to the same stressor. The 
alternative way is to use repeated exogenous CORT 
administration as a mean to mimic the effect of stress that 
associated with elevated CORT levels. This model could 
provide an effective control over the increases in blood 
CORT levels in the animals and increase depression-like 
behavior in rats in a dose-dependent manner (Yau et al., 
2011b).  

However, exogenous administration of CORT has been 
reported to both increase (Calvo et al., 1998) or decrease 
(Andreatini and Leite, 1994) the anxiety level in the 
elevated plus-maze. It is unclear whether the discrepancy 
is due to dose effect of CORT treatment. It has previously 
been reported that treatment with different doses of 
CORT for 14 days produced a graded increase in 
depression-like behavior and plasma CORT level (Yau et 
al., 2011b). Furthermore, wheel running or antidepressant 
treatment could counteract CORT-induced depression-
like behavior and depression-impaired memory in the 
rats. Since there is no experimental data on measuring 
anxiety-like behavior in animals treated with different 
doses of CORT, in the present paper, we used different 
doses of CORT administrations to examine whether there 
was an increase in anxiety-like behavior in CORT-treated 
rats; and to characterize the effects of voluntary running 
on anxiety-related behaviors in the open field test and the  

 
 
 
 
elevated plus maze (the two behavioral paradigms that 
are commonly used in anxiety tests).  

In vehicle-treated rats, the results showed that 
voluntary running reduced anxiety-like behaviors in the 
open field test and elevated plus maze. In the CORT-trea-
ted rats, the anxiety level was significantly increased by 
CORT treatment and decreased by running in the open 
field test. However, in the elevated plus maze, neither 
CORT treatment nor voluntary running affected the 
anxiety level in the CORT-treated rats. The data may indi-
cate a discrepancy in measuring the anxiety-like behavior 
between the open field tests and elevated plus maze in 
the CORT-injected rat model of stress. 
 
 
MATERIALS AND METHODS 

 
Animal group and treatment 

 
Adult Sprague Dawley (250 ± 20 g, 6 to 7 weeks old) male rats 
were obtained from the Laboratory Animal Unit, University of Hong 
Kong. All experimental procedures were approved and followed the 
guidelines of the Committee on the Use of Live Animals in Teaching 
and Research, University of Hong Kong. Rats were kept on a 12 h 
light-dark cycle with ad libitum access to food and water. The 
animals were divided into runner and non-runner groups and were 
treated with different doses of CORT (30, 40 and 50 mg/kg) or 
sesame oil for 14 days (n = 8 to 10/group). The day after the CORT 

treatment (day 15), the rats were subjected to the open field test 
and elevated plus maze to examine anxiety-like behavior.  
 
 
Corticosterone (CORT) treatment 
 
CORT (Sigma-Aldrich, USA) at different doses (30, 40 and 50 
mg/kg) and sesame oil were prepared and injected subcutaneously 

according to the method of Hellsten et al. (2002). The dose of 40 
mg/kg has been reported to elevete blood levels of CORT over a 24 
h period (Sapolsky et al., 1985). A stock of CORT emulsion was 
prepared by suspending CORT in sesame oil, followed by vortex 
and sonication. Injection (0.8 ml/ rat) was made subcutaneously in 
the neck region daily at 4:00 p.m. The CORT treatment was started 
at the same time when the rats were allowed to run. The control 
rats received daily injections of sesame oil.  
 

 
Voluntary wheel running  

 
Runner rats were housed singly in polyethylene cages equipped 
with running wheels (diameter, 31.8 cm; width, 10 cm; Nalgene 
Nunc International, NY). Animals were allowed to familiarize with 
living condition with locked wheels for 3 days prior to the treatment. 
The locked wheels were then unlocked for 14 days in the runner 
groups or kept locked for the non-runner groups. Wheel revolutions 

were recorded by computer using VitalViewer software (Mini Mitter 
Company, Inc, OR). Non-runners were housed with locked running 
wheels in cages identical to that of runners. 
 
 
Open field test 

 
The behavioral test was conducted in a quiet and dimmed room 
with constant illumination; the test was performed from 2:00 to 4:00 
p.m. After 2 h of habituation in the test room, each rat was 
individually placed into the center of the open field arena (90 × 90  



 
 
 
 
cm with 40 cm-high side walls). The locomotor activity was 
recorded for 5 min by a video camera. The arena was then cleaned 
with 70% ethanol and dried with towel for each trial. Results were 
analyzed using the Smart Junior software (Panlab, Spain). The 
open field was broken into two zones for analysis: the peripheral 
and central zones. Anxiety-like behaviors were indicated by the time 
spent in the peripheral and central areas, while locomotor activity 
was indicated by average traveling speed and distance over 5 min 
in the arena. 
 

 
Elevated plus maze  
 

Each rat was tested in the elevated plus maze 2 h after the open 

field test in the same room under the same lighting condition. The 
elevated plus-maze consisted of four arms made of Plexiglas, 
elevated 50 cm above the floor. Two arms were open (0.5 cm high 
edges), while the other two arms were enclosed with 36 cm high 
wall. Each animal was placed onto the center of the apparatus 
facing an open arm and was then evaluated for 5 min test. The 
maze was wiped with 70% ethanol and dried between each trial. 
The behavior was recorded with a video camera and then analyzed 
using Smart Junior system (Panlab, Spain). Anxiety-like behavior 
was evaluated through percent time spent in open and closed arms. 
 
 

Statistical analysis 
 
Two-way analysis of variance (ANOVA) with CORT treatment and 
running as between-subject factors was performed with Fisher's 
LSD post-hoc test. A repeated measure ANOVA was applied for 

analyzing body weight change and running activity over the 14-day 
treatment period. Student’s t-test was only applied for comparison 
between vehicle-treated non-runners and runners. The statistical 
difference was determined with P-value < 0.05. Data were 
presented as mean± standard error of mean (SEM). 
 
 

RESULTS 
 

Change of body weight and adrenal gland weight       
 

Weight loss of the adrenal gland which occurs after 
CORT treatment indicates the efficacy of subcutaneous 
injections of CORT. Repeated measures of ANOVA 
revealed a significant change in body weight gain during 
the 14-day treatment period (Figure 1a and b), effect of 
day: F3,57 = 19.2, P = 0.00090). Significant interaction 
between day and CORT treatment on body weight 
change was also observed (day X CORT: F3,57 = 44.9; P = 
0.00053). CORT treatment and running decreased body 
weight gain during the treatment (effect of CORT: F3,57 = 
57.2, P = 0.0077; effect of running: F1,57 = 7.7, P = 
0.00050). The adrenal gland weight was expressed as 
the ratio of adrenal gland weight to body weight. Two-way 
ANOVA indicated that the ratio of adrenal gland to body 
weight was significantly decreased by CORT treatment 
(effect of CORT: F3,57=142.7, P=0.00033) (Figure 1c), but 
was not affected by running (effect of running, F1,57 = 1.1, 
P = 0.300).  
 

 

Running activity of CORT-treated runners 
 

Repeated   measures   ANOVA   indicated   that   all  rats 
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increased their running activity during the treatment 
period (Figure 2: F3,38 = 14.8, P = 0.00042). The runners 
showed increased running activity during the treatment 
period (effect of day: F3,38 = 5.8, P = 0.0060). Runners 
with CORT treatment showed a relative higher running 
activity when compared to runners with vehicle treatment; 
however, there was no significant effect of CORT on 
increasing running activity (effect of CORT: F3,38 = 1.4, P 
= 0.29).  
 
 
Running and CORT treatment did not affect 
locomotor activity in the rats 
 
Results showed that neither CORT treatment nor running 
for 14 days affected traveling distance (Figure 3a: effect 
of running: F1,50 = 1.0, P = 0.75; effect of CORT: F3,50 = 
1.8, P = 0.16) and travelling speed (Figure 3b: effect of 
running: F1,50 = 1.4, P = 0.24; effect of CORT: F3,50 = 1., P 
= 0.15) in the open field test. This data suggests that the 
difference in anxiety-like behavior was not an artifact of 
altered locomotor activity following CORT treatments.  
 
 
Anxiety behavior of the CORT-treated runners and 
non-runners in the open field test 
 
Anxiety-like behavior of the rats was tested in the open 
field test and elevated plus maze following the 14-day 
treatment. In the open field test, CORT, nor running 
showed no significant effect on the time spent in the 
central area (Figure 3c: effect of CORT: F3,56 = 0.8, P = 
0.52; effect of running: F1,56 = 1.4, P = 0.25). However, 
there was a relative increase in time spent in the central 
area in the vehicle-treated runners when compared with 
the vehicle-treated non-runners (student’s t-test, P < 
0.05), indicating running reduced anxiety level in the 
vehicle-treated rats. 

Time spent in the peripheral area was increased by 
CORT (Figure 3d: effect of CORT: F3,47 = 3.0, P = 0.042). 
Post hoc analysis showed that the rats treated with 30 
and 40 mg/kg CORT demonstrated a significant increase 
in time spent in the peripheral area when compared with 
the vehicle-treated rats (P < 0.05). The main effect of 
running was also observed (effect of running: F1,47 = 16.7, 
P = 0.00021), indicating running decreased anxiety level 
in CORT-treated rats in the open field test. There was a 
significant decrease in time spent in the peripheral area 
in the vehicle-treated runners when compared with the 
vehicle-treated non-runners (student’s t-test, P < 0.05).  
 
 
Effect of CORT and running on anxiety-like behavior 
in elevated plus maze 
 

There was no significant effect of CORT and running on 
the locomotor behavior in the elevated plus maze (data 
not shown). Running and CORT treatment was ineffective 
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Figure 1. Change of body weight and adrenal weight of the CORT-treated runners and non-runners. 

(a and b) Body weight gain was significantly decreased by CORT treatments in the non-runners and 
runners. Running reduced body weight gain. (c) Adrenal to body weight ratio was an indicator for the 
efficacy of CORT administration. A significantly decreased adrenal weight was found in the CORT-
treated rats when compared with the vehicle-treated rats. Ctrl: Vehicle treatment; 30, 40 and 50 mg: 
doses of CORT per body weight (kg). N: non-runners; R: runners. Value are respresented as 

mean SEM. *P < 0.005 compared to the vehicle-treated group.  
 
 

 
 
Figure 2. Voluntary running activity of the CORT- and vehicle-

treated rats. The running activity was increased in the first week, 
and was then maintained at the level of 2 to 4 km/day. The rats 
treated with CORT showed a relatively higher running activity as 
compared to the vehicle-treated control. Data are expressed as 
daily mean running distance (m) per day mean ± SEM.  

 
 

ineffective in altering the time spent in the open arms 
(Figure 4a: effect of running: F1,51 = 0.1, P = 0.71; effect of 

CORT: F3,51 = 0.6, P = 0.63) and in the closed arms 
(Figure 4b: effect of running: F1,54 = 1.5, P = 0.23; effect of 
CORT: F3,51 = 0.4, P = 0.34). The CORT-treated runners 
and non-runners did not show an increase or decrease in 
time spent in the open arms and closed arms, indicating 
that CORT treatment alone or running in CORT-treated 
rats did not exert effects on anxiety-like behavior in the 
elevated plus maze. Furthermore, CORT treatment 
showed no effect on time spent in the center (Figure 4c: 
effect of CORT: F1,51 = 1.11, P = 0.35). Conversely, 
running showed a main effect on time spent in the center 
(effect of running: F1,51 = 6.06, P = 0.018). Running 
showed an anxiolytic effect in the vehicle-treated runners 
as evidenced by relatively decreased percentage of time 
spent in the closed arms, and increased time spent in the 
open arms when compared with the vehicle-treated non-
runners (student’s t-test: P < 0.05). 
 
 
DISCUSSION 
 
In the present study, we used the open field test and 
elevated plus maze to examine: (1) whether different 
doses of repeated CORT treatment could induce anxiety- 
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Figure 3. Locomotor activity and anxiety-like behavior of runners and non-runners in the open field test. (a) 
CORT treatment did not affect locomotor activity in the runners and non-runners. There was no significant 
difference in the mean speed of the CORT-treated runners and non-runners. (b) Total distance in the arena 

of the CORT-treated rats remained in the similar level as the vehicle-treated rats. (c) The CORT-treated rats 
showed no difference in time spent in the central area of the arena when compared with the vehicle-treated 
rats. However, running significantly increased the time spent in the central area in the vehicle-treated rats, 
but not the CORT-treated rats. (d) Rats treated with CORT showed increased time spent in the peripheral 
area. Runners showed a significant decrease in time spent in the peripheral area of the arena when 
compared to the non-runners. The vehicle-treated runners showed significantly decreased time spent in 
peripheral areas when compared with the vehicle-treated non-runners. Student’s t-test: *P < 0.05 compared 
to the vehicle-treated non-runners. One-way ANOVA: **P < 0.05 compared to the vehicle-treated rats.  

 

 
 

like behaviors; and (2) the counteractive effect of 
voluntary wheel running on CORT-induced anxiety-like 
behavior. The vehicle-treated runners showed an 
increase in time spent in the center of the open field test, 
in the open arm and the center of the elevated plus 
maze, respectively.  

The findings confirmed that voluntary running for two 
weeks was associated with a reduced anxiety-like 
behavior as previously shown in the vehicle-treated rats 
by other group (Salam et al., 2009). However, CORT 
treatment increased anxiety level in the open field test, 
but not in the elevated plus maze. The results raise the 
question on the discrepancy between these behavioral 
tests for anxiety-like behavior in animal model of stress. 

Although exercise has been shown to reduce anxiety in 

humans (Dunn et al., 2001; Manger and Motta, 2005) and 
in exercised animals (Binder et al., 2004), some studies 
fail to show the anxiolytic effect of exercise (Burghardt et 
al., 2004; Chiang et al., 2010). Contradictory results on 
the effects of exercise on anxiety behavior have been 
reported in some animal studies (Andreatini and Leite, 
1994; Calvo et al., 1998). Contradictory results are also 
found in the open field test and elevated plus maze, for 
example, same mouse strain was defined as anxious in 
the elevated plus maze, but non-anxious in the open field 
test (Trullas and Skolnick, 1993, Rogers et al., 1999). 
Although these two tests are commonly applied to exa-
mine anxiety-like behavior in the animals, the differences 
in anxiogenic property of these two apparatuses have 
been   reported.   Carola   et   al.   (2002)  suggested  that  
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Figure 4. Running decreased anxiety-like behaviour in the vehicle-treated rats, but not CORT-treated rats 

in the elevated plus maze. Running and CORT treatment did not affect the percentage time spent in the 
open arms (a) and closed arms (b), respectively. Student’s t-test revealed significant increases in time 
spent in open arms and center (c), and a decrease in time spent in closed arm in the vehicle-treated 
runners when compared to vehicle-treated non-runners. *P < 0.05 compared to runner counterpart by 
student’s t-test. 

 
 

 

discrepancies between these two tests may be due to 
differences in analyzing criteria among different studies or 
it is possible that the elevated plus maze may be more 
anxiogenic to experimental animals than the open field 
test.  

Aversive stress in the open field test is mainly due to 
the novelty in a new environment, whereas aversive 
stress in the elevated plus maze is due to novelty and the 
height of the maze that comprise the behavior of risk 
assessment during the test, suggesting a stress coping to 
the animals during the test (Rodgers, 1997). In the 
elevated plus maze, the animals are placed in the centre 
of the plus maze as the starting point where animals 
initially engage in high level of risk assessment, 
therefore, the design of the elevated plus maze offers 
more choices and causes a higher level of stress to the 
animals as compared to the open field test. Nosek et al. 
(2008) conclude that the differences in  the  stressfulness 

between the open field test and elevated plus maze may 
contribute to the differential outcome. Nosek et al. (2008) 
suggested that the open field test would be a better 
measure of passive coping, while the elevated plus maze 
would be a more sensitive measure of active coping in 
response to stress.   

A consistent result was observed in the vehicle-treated 
rats that running reduced anxiety level in both the 
elevated plus maze and open field test. The differential 
behavioral outcome between these two tests in the 
CORT-treated rats may suggest a differential stress 
response between these two tests in our CORT-injected 
rats. Pre-exposure to the open field test may contribute 
as a confounding effect since pre-exposure to different 
novel environment (e.g. the open field) immediately 
before testing in the elevated plus maze may alter the 
motor activity in the elevated plus maze and lead to a 
greater preference of entering the open arms of the maze  



 
 
 
 
(Pellow et al., 1985). However, Walf and Frye (2007) 
reported that pre-exposure to other testing environment 
does not alter subsequent behavior of rats and mice in 
the elevated plus maze. To avoid any possibility of 
different experience or stressor exposure altering the 
behavior of rats in the elevated plus maze, the rats were 
left in the transport cages for 2 h before testing to ensure 
that the experimental rats have similar level of stress 
exposure before the behavioral test. Therefore, it is 
unlikely that the order effect will be a confounding 
variable to our study. Prut and Belzung  (2003) suggested 
that the open field test is not a valid test for anxiety as it 
is not sensitive to some effective compounds (e.g. 
alprozolam and selective serotonin reuptake inhibitor 
(SSRI)) in treating anxiety disorders, they also concluded 
that the open field test may be a test for rodent model of 
normal anxiety.  

Increased open field locomotion and decreased anxiety 
measures following wheel running have been found in the 
animals after 24 h of wheel running (Dishman et al., 
1996; Burghardt et al., 2004). In this study, there was no 
difference in locomotor activity between the CORT-
treated runners and non-runners as indicated by similar 
activity levels in the open field test and elevated plus 
maze, though there was a higher running activity in the 
CORT-treated rats as compared to the vehicle-treated 
rats.  

The presented data shows that CORT treatment 
significantly increased anxiety-like behavior (increased 
time spent in peripheral) in the open field test regardless 
of the doses of CORT treatment, but not in the elevated 
plus maze. The counteractive effect of running on 
reducing anxiety-like behavior in CORT-treated rats was 
only observed in the open field test, but not in elevated 
plus maze. Gregus et al. (2005) reported that CORT (40 
mg/kg) treatment for 21 days in non-running rats sig-
nificantly increased immobility time in the forced swim 
test, but showed minimal effect on anxiety-like behavior in 
the open field test. The hippocampus has been known to 
play a crucial role in anxiety and depression. The dorsal 
and ventral hippocampi exhibit discrete functions in 
regulating learning and emotion, respectively. It has been 
reported that lesions of dorsal hippocampus led to 
relatively a weak anxiolytic-like effect, while lesions of 
ventral hippocampus produced a robust anxiolytic-like 
effect (Bertoglio et al., 2006; Pentkowski et al., 2006). 
Recently, it has been suggested that adult neurogenesis 
in the dorsal and ventral hippocampus might function in a 
dissociated way (Duncko et al., 2007) in which the dorsal 
hippocampus is likely specialized for memory functions, 
whereas the ventral hippocampus is dedicated to anxiety 
functions (Engin and Treit, 2007). Our previous study 
showed that physical exercise in terms of running wheel 
could protect the animals from detrimental effects of 
CORT via restoring adult neurogenesis and dendritic 
atrophy in the dorsal part of the hippocampus (Yau et al., 
2011a). Several studies reported that a decrease in 

hippocampal neurogenesis is associated with an increase 
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in anxiety-related behaviors (Ageta et al., 2008; Bergami 
et al., 2008; Revest et al., 2009). In particular, Revest et 
al. (2009) demonstrated an increased anxiety-like 
behavior in transgenic mice with an inducible reduction in 
neurogenesis throughout the rostro-caudal axis of the 
dentate gyrus. It is possible that depressive behavior and 
memory impairment is more dependent on the dorsal part 
of the hippocampus, while anxiety behavior is more 
dependent on the ventral part of the hippocampus.  

We have previously reported that the dorsal 
hippocampal neurogenesis was increased in rats with 
two-week voluntary wheel running (Yau et al., 2011b). 
This study demonstrated that running decreased anxiety-
like behavior in vehicle-treated rats; the promoting effect 
of running on adult neurogenesis and structural changes 
in the ventral hippocampus could possibly contribute to 
the observed effects of wheel running in our vehicle-
treated rats. However, this speculation warrants further 
investigation with examination on the effects of specific 
blockade of ventral or dorsal hippocampal neurogenesis 
on emotional behavior.  

In summary, these results have demonstrated that 
voluntary running reduced anxiety-like behaviors in the 
vehicle-treated rats in two behavioral paradigms: the 
open field test and the elevated plus maze. The CORT 
treatment increased anxiety level in the open field test, 
but showed an effect in the elevated plus maze. Running 
primarily reduced anxiety-like behavior in the open field 
test, but not in the elevated plus maze in the CORT-
treated rats. The data indicated a differential anxiety-like 
behavior measured by these two tests in the CORT-
treated rats. Extra attention should be given to the 
discrepancy of these two anxiety-related measures in 
animal model of stress since the physiological basis of 
anxiolytic effect of exercise will only be revealed with 
consistency of effects of exercise across the anxiety- 
related measures. 
 
 

ACKNOWLEDGEMENTS 
 
The authors thank Mr. Peter Ksiazek and Ms. Jennifer 
Graham for their help in proofreading the manuscript, and 
Mr. Bolton Chau for his comments on statistical analysis. 
This study was supported by funding from Jessie Ho 
Professorship in Neuroscience (The University of Hong 
Kong Foundation for Educational Development and 
Research Limited), the National Natural Science 
Foundation of China, the Areas of Excellence (AoE) 
Scheme established under the University Grants 
Committee of the Hong Kong and AoE Matching Fund 
from the University of Hong Kong and the Fundamental 
Research Fund for the central universities (21609101, KF 
SO). 
 

 
REFERENCES 
 

Ageta H, Murayama A, Migishima R, Kida S, Tsuchida K,  Yokoyama  M,  



12         J. Neurosci. Behav. Health 
 
 
 

Inokuchi K (2008). Activin in the brain modulates anxiety-related 
behavior and adult neurogenesis. Plos One .3(4):e1869.  

Andreatini R, Leite JR (1994). The effect of corticosterone in rats 

submitted to the elevated plus-maze and to to pentylenetetrazol-
induced convulsions. Prog. Neuropsychopharmacol. Biol. Psychiatry 
18:1333-1347. 

Bannerman DM, Matthews P, Deacon RM, Rawlins JN (2004). Medial 
septal lesions mimic effects of both selective dorsal and ventral 
hippocampal lesions. Behav. Neurosci. 118:1033-1041. 

Bergami M, Rimondini R, Santi S, Blum R, Gotz M, Canossa M (2008). 
Deletion of TrkB in adult progenitors alters newborn neuron 
integration into hippocampal circuits and increases anxiety-like 

behavior. Proc. Natl. Acad. Sci. USA. 105:15570-15575. 
Bertoglio LJ, Joca SR, Guimaraes FS (2006). Further evidence that 

anxiety and memory are regionally dissociated within the 

hippocampus. Behav. Brain Res.175:183-188. 
Binder E, Droste SK, Ohl F, Reul JM (2004). Regular voluntary exercise 

reduces anxiety-related behaviour and impulsiveness in mice. Behav. 

Brain Res. 155:197-206. 
Blumenthal JA, Sherwood A, Rogers SD, Babyak MA, Doraiswamy PM, 

Watkins L, Hoffman BM, O'Connell C, Johnson JJ, Patidar SM, 

Waugh R, Hinderliter A (2007). Understanding prognostic benefits of 
exercise and antidepressant therapy for persons with depression and 
heart disease: the UPBEAT study--rationale, design, and 

methodological issues. Clin. Trials 4:548-559. 
Burghardt PR, Fulk LJ, Hand GA, Wilson MA (2004). The effects of 

chronic treadmill and wheel running on behavior in rats. Brain Res. 

1019:84-96. 
Calvo N, Martijena ID, Molina VA, Volosin M (1998). Metyrapone 

pretreatment prevents the behavioral and neurochemical sequelae 

induced by stress. Brain Res. 800:227-235. 
Carola V, D'Olimpio F, Brunamonti E, Mangia F, Renzi P (2002). 

Evaluation of the elevated plus-maze and open-field tests for the 

assessment of anxiety-related behaviour in inbred mice. Behav. Brain 
Res. 134:49-57. 

Dishman RK, Dunn AL, Youngstedt SD, Davis JM, Burgess ML, Wilson 

SP, Wilson MA (1996). Increased open field locomotion and 
decreased striatal GABAA binding after activity wheel running. 
Physiol. Behav. 60:699-705. 

Dulawa SC, Holick KA, Gundersen B, Hen R (2004). Effects of chronic 
fluoxetine in animal models of anxiety and depression. 
Neuropsychopharmacology 29:1321-1330. 

Duman CH, Schlesinger L, Russell DS, Duman RS (2008). Voluntary 
exercise produces antidepressant and anxiolytic behavioral effects in 
mice. Brain Res. 1199:148-158. 

Duncko R, Cornwell B, Cui L, Merikangas KR, Grillon C (2007). Acute 
exposure to stress improves performance in trace eyeblink 
conditioning and spatial learning tasks in healthy men. Neurobiol. 
Learn Mem. 14:329-335. 

Dunn AL, Trivedi MH, O'Neal HA (2001). Physical activity dose-
response effects on outcomes of depression and anxiety. Med. Sci. 
Sports Exerc. 33:S587-597; discussion 609-510. 

Engin E, Treit D (2007). The role of hippocampus in anxiety: 
intracerebral infusion studies. Behav. Pharmacol. 18:365-374. 

Gregus A, Wintink AJ, Davis AC, Kalynchuk LE (2005). Effect of 

repeated corticosterone injections and restraint stress on anxiety and 
depression-like behavior in male rats. Behav. Brain Res. 156:105-
114. 

Hellsten J, Wennstrom M, Mohapel P, Ekdahl CT, Bengzon J, Tingstrom 
A (2002). Electroconvulsive seizures increase hippocampal 
neurogenesis after chronic corticosterone treatment. Eur. J. 

Neurosci.16:283-290. 
 
 

 
 
 

 
 
 

 

 
 
 
 
Mac LP (1949). Psychosomatic disease and the visceral brain; recent 

developments bearing on the Papez theory of emotion. Psychosom. 
Med. 11:338-353. 

Maier SF, Watkins LR (1998). Cytokines for psychologists: implications 
of bidirectional immune-to-brain communication for understanding 
behavior, mood, and cognition. Psychol. Rev. 105:83-107. 

Manger TA, Motta RW (2005). The impact of an exercise program on 
posttraumatic stress disorder, anxiety, and depression. Int. J. Emerg. 
Ment. Health 7:49-57. 

McKinney WT, Jr., Bunney WE, Jr. (1969). Animal model of depression. 
I. Review of evidence: implications for research. Arch. Gen. 
Psychiatry 21:240-248. 

Merali Z, Levac C, Anisman H (2003). Validation of a simple, 
ethologically relevant paradigm for assessing anxiety in mice. Biol. 
Psychiatry 54:552-565. 

Mineka S, Watson D, Clark LA (1998). Comorbidity of anxiety and 
unipolar mood disorders. Annu. Rev. Psychol. 49:377-412. 

Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM 

(2002). Neurobiology of depression. Neuron 34:13-25. 
Nosek K, Dennis K, Andrus BM, Ahmadiyeh N, Baum AE, Solberg 

Woods LC, Redei EE (2008). Context and strain-dependent 

behavioral response to stress. Behav. Brain Funct. 4:23. 
Pellow S, Chopin P, File SE, Briley M (1985). Validation of open:closed 

arm entries in an elevated plus-maze as a measure of anxiety in the 

rat. J Neurosci. Methods 14:149-167. 
Pentkowski NS, Blanchard DC, Lever C, Litvin Y, Blanchard RJ (2006). 

Effects of lesions to the dorsal and ventral hippocampus on defensive 

behaviors in rats. Eur. J. Neurosci. 23:2185-2196. 
Prut L, Belzung C (2003). The open field as a paradigm to measure the 

effects of drugs on anxiety-like behaviors: a review. Eur. J. 

Pharmacol. 463:3-33. 
Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N, Piazza PV, 

Abrous DN (2009). Adult hippocampal neurogenesis is involved in 

anxiety-related behaviors. Mol. Psychiatry 14:959-967. 
Rodgers RJ (1997). Animal models of 'anxiety': where next? Behav. 

Pharmacol., 8:477-496; discussion 497-504. 

Rogers DC, Jones DN, Nelson PR, Jones CM, Quilter CA, Robinson TL, 
Hagan JJ (1999). Use of SHIRPA and discriminant analysis to 
characterise marked differences in the behavioural phenotype of six 

inbred mouse strains. Behav. Brain Res. 105:207-217. 
Salam JN, Fox JH, Detroy EM, Guignon MH, Wohl DF, Falls WA (2009). 

Voluntary exercise in C57 mice is anxiolytic across several measures 

of anxiety. Behav. Brain Res. 197:31-40. 
Sapolsky RM, Krey LC, McEwen BS (1985). Prolonged glucocorticoid 

exposure reduces hippocampal neuron number: implications for 

aging. J. Neurosci. 5:1222-1227. 
Trullas R, Skolnick P (1993). Differences in fear motivated behaviors 

among inbred mouse strains. Psychopharmacology 111:323-331. 
Walf AA, Frye CA (2007). The use of the elevated plus maze as an 

assay of anxiety-related behavior in rodents. Nat. Protoc. 2:322-328. 
Yau SY, Lau BW, So KF (2011a). Adult hippocampal neurogenesis: a 

possible way how physical exercise counteracts stress. Cell 

Transplant 20:99-111. 
Yau SY, Lau BWM, Tong JB, Ching YP, Lee TMC, So KF (2011b). 

Hippocampal neurogenesis and dendritic plasticity support running-

improved spatial learning and depression-like behaviour in stressed 
rats. PlosOne 6:1-15. 

 


