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Treadmill exercise alleviates stress-induced impairment
of social interaction through 5-hydroxytryptamine 1A
receptor activation in rats
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Brain-derived neurotrophic factor (BDNF) and its receptors tyrosine ki-
nase B (trkB), and cyclic adenosine monophosphate response element
binding protein (CREB) have been suggested as the neurobiological risk
factors causing depressive disorder. Serotonin (5-hydroxytryptamine,
5-HT) plays an important role in the pathogenesis of depression. We in-
vestigated the effect of treadmill exercise on social interaction in rela-
tion with BDNF and 5-HT expressions following stress in rats. Stress
was induced by applying inescapable 0.2 mA electric foot shock to the
rats for 7 days. The rats in the exercise groups were forced to run on a
motorized treadmill for 30 min once a day for 4 weeks. Social interaction
test and western blot for BDNF, TrkB, pCREB, and 5-HTia in the hippo-
campus were performed. The results indicate that the spend time with
unfamiliar partner was decreased by stress, in contrast, treadmill exer-

INTRODUCTION

Mood change in sadness, misery, and unhappiness frequently
occurs after disappointment and stressful events, and this continu-
ous mood change is the main feature of depression in children and
adolescence. Violence and bullying in school are the major stress-
ful events causing depression in the children and adolescence (Gold-
stein et al., 2007; Grant et al., 2004; Kaltiala-Heino et al., 2010).

Malfunction of hippocampus is strongly associated with depres-
sion (Castrén et al., 2007; Michelsen et al., 2008). Brain derived
neurotrophic factor (BDNF) and its receptors tyrosine kinase B
(trkB), cyclic adenosine monophosphate response element binding

cise increased the spending time in the stress-induced rats. Expres-
sions of BDNF, TrkB, and pCREB were decreased by stress, in contrast,
treadmill exercise enhanced expressions of BDNF, TrkB, and pCREB in
the stress-induced rats. In addition, 5-HT:a receptor expression was de-
creased by stress, in contrast, treadmill exercise enhanced 5-HT:a ex-
pression in the stress-induced rats. In the present study, treadmill exer-
cise alleviated stress-induced social interaction impairment through
enhancing hippocampal plasticity and serotonergic function in the hip-
pocampus. These effects of treadmill exercise are achieved through
5-HT:a receptor activation.

Keywords: Social interaction, Brain-derived neurotrophic factor, Tyrosine
kinase B, CREP, 5-hydroxytryptamine 1A receptor, Treadmill exercise

protein (CREB) have been suggested as the neurobiological risk
factors causing depressive disorder (Sulser, 2002; Mattson et al.,
2004). BDNF, a member of the neurotrophin family factor, and
trkB control neuronal plasticity that a play important role in the
depression (Castrén and Rantamiki, 2010). Transcription factor
CREB, one of the various transcription factors, binds as dimer to
the cyclic adenosine monophosphate response (CRE). Over-ex-
pression of CREB in the hippocampus exerts anti-depressive effect
(Chen et al., 2001).

Serotonin (5-hydroxytryptamine, 5-HT) plays an important role
in the pathogenesis of depression (Cowen, 2008). Tryptophan hy-
droxylase (TPH) is the rate-limiting enzyme of 5-HT synthesis
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and modulates 5-HT activity in the brain. TPH regulates presyn-
aptic 5-HT release by 5-HT\4 autoreceptor. BDNF and serotonin
are known to be synergistically regulated. BDNF enhances the
growth and survival of 5-HT and 5-HT stimulates the expression
of BDNF (Mattson et al., 2004). Interaction of synaptic plasticity
and serotonergic system play key role in the depression.

The beneficial effects of physical exercise on brain functions have
been reported in many studies. Exercise protects against the prog-
ress of several neurological diseases including Alzheimer’s disease
(Adlard et al., 2005), Parkinson’s disease (Sung et al., 2012) and
ischemic stroke (Willey et al, 2009). Exercise improves symptoms
of anxiety and depression (Kim et al., 2015; Wipfli et al., 2011).
However, little information is available regarding the effect of exer-
cise on depression-related social interaction abnormality caused by
stress during adolescence stage. In the present study, we investigat-
ed the effect of treadmill exercise on social interaction in relation
with BDNF and 5-HT expressions following stress using young rats.

MATERIALS AND METHODS

Animals and treatments

Sprague-Dawley rats, weighing 100+ 10 g (5 weeks), were ob-
tained from commercial breeder (Orient Co., Seoul, Korea) for the
experiment. The experimental procedures were performed in ac-
cordance with the animal care guidelines of the National Insti-
tutes of Health (NIH) and the Korean Academy of Medical Sci-
ences. The rats were housed under controlled temperature (20+
2°C) and lighting (07:00 to 19:00 h) conditions with food and
water available ad /ibitum. The rats were randomly divided into 4
groups (n= 10 in each group): control group, control and exercise
group, stress-induced group, and stress-induced and exercise group.

Induction of stress

Stress was induced by applying inescapable 0.2 mA electric foot
shock to the rats, as the previously described method (Kim et al.,
2015; Li et al., 2011). One set of electric foot shock composed of
6 sec duration and repeated 10 times with 30 sec interval. The
rats in the stress-induced groups received three sets of electric foot
shock per day. Exposure of rats to the electric foot shock continued
for 7 days.

Exercise protocol

The rats in the exercise groups were forced to run on a motor-
ized treadmill for 30 min once a day for 4 weeks. The exercise load
consisted of running at a speed of 5 meters/min for the first 5 me-
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ters/min, § meters/min for the next 5 min, and 15 meters/min for
the last 20 min, with a 0° inclination. The rats in the control groups
were left on the treadmill without running for the same period as
the exercise groups.

Social interaction test

The social interaction test was performed, as the previously de-
scribed method (Kim et al., 2014). Two weight matched rats, drawn
from different cages, were used for this test. The normal rat was
used as the dummy partner and the index rat was marked with an
oil pen. The index rat was randomly assigned to an unfamiliar part-
ner in the same treatment group, and the rats were then placed in
the center of an open arena (length 85 cmXx width 75 cmx height
30 cm). The animals were closely observed and the interactions
exhibited by the index rat were recorded over a period of 7 min.
The social behaviors (genital investigation, sniffing, following,
grooming) demonstrated by the index rat were visually assessed
throughout the duration of the test period. Aggressive behavior
and passive contact were not counted in the score of social interac-
tion test.

Western blot for BDNF, TrkB, pCREB, and 5-HT1a

Western blot for were performed according to the previously
described method (Han et al., 2014; Jeon et al., 2014; Kim et al.,
2012). The animals were sacrificed immediately after determina-
tion of social interaction test. The animals were fully anesthetized
with Zoletil 50° (10 mg/kg, i.p.; Vibac, Carros, France), and hip-
pocampus and dorsal raphe were collected, then immediately fro-
zen at -70°C. Protein from each hippocampus and dorsal raphe
were extracted. The tissues were homogenized with lysis buffer
containing 50 mM Tris—HCI (pH 8.0), 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1.5 mM MgCl,6HO, 1 mM EGTA,
1 mM PMSE 1 mM Na,VOy, and 100 mM NaF, then ultra- cen-
trifuged at 50,000 rpm for 1 hr. Protein content was measured
using a Bio-Rad colorimetric protein assay kit (Bio-Rad, Hercu-
les, CA, USA). Protein (30 pg) was separated on SDS-polyacryl-
amide gels and transferred onto a nitrocellulose membrane. An-
ti-GAPDH antibody (1:3,000; Abcam, Cambridge, UK), anti-
BDNF (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-TrkB (1:1,000; Santa Cruz Biotechnology), an-
ti-pCREB antibody (1:1,000; Santa Cruz Biotechnology), an-
ti-CREB antibody (1:1,000; Merck Millipore), and anti-5-HT1a
(1:1,000; Abcam) were used as the primary antibodies. Horserad-
ish peroxidase-conjugated anti-mouse antibody for -actin, an-
ti-rabbit antibody for GAPDH, BDNF, TrkB, CREB, and
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5-HT\4, and anti-goat antibody for pPCREB were used as the sec-
ondary antibodies. Experiments were petformed in normal labora-
tory conditions and at room temperature, except for the transferred
membranes. Transferred membranes were performed at 4°C with
the cold pack and pre-chilled buffer. Band detection was pet-
formed using the enhanced chemiluminescence (ECL) detection
kit (Amersham Pharmacia Biothech GmbH, Freiburg, Germany).

Data analysis

For confirming the expressions of BDNF, TrkB, pCREB, and
5-HT 14, the detected bands were calculated densitometrically us-
ing Molecular Analyst™ (Bio-Rad). The data were analyzed with
one-way ANOVA and then Duncan post-hoc tests. All values are
expressed as the mean *standard error of the mean (SEM), and P
value <0.05 was considered significant.

RESULTS

Effect of treadmill exercise on social interaction

To evaluate the effect of treadmill exercise on social interaction,
modified social interaction test was performed. The results of so-
cial interaction test are presented in Fig. 1. An average time of so-
cial interaction was 162.72+8.58 sec in the control group, 182.33
+10.76 sec in the control and exercise group, 39.83+10.07 sec
in the stress-induced group, and 83.90+ 11.21 sec in the stress-in-
duced and exercise group. The results indicate that the spend time
with unfamiliar partner was decreased by induction of stress (P <
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Fig. 1. Effect of treadmill exercise on social interaction task. (A) Control group,
(B) control and exercise group, (C) stress-induced group, (D) stress-induced and
exercise group. The data are presented as the mean +standard error of the
mean (SEM). *represents P<0.05 compared to the control group. *represents
P<0.05 compared to the stress-induced group.
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0.05). In contrast, treadmill exercise increased the spending time
with unfamiliar partner in the stress-induced rats (P <0.05).

Effect of treadmill exercise on BDNF and TrkB expressions
in hippocampus

BDNF and TrkB expressions are presented Fig. 2. When the
level of BDNF in the control group was set at 1.00, the level of
BDNF was 0.96+0.01 in the control and exercise group, 0.44 +
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Fig. 2. Effect of treadmill exercise on BDNF and TrkB expression in the hippo-
campus. (A) Control group, (B) control and exercise group, (C) stress-induced
group, (D) stress-induced and exercise group. The data are presented as the
mean + standard error of the mean (SEM). *represents P<0.05 compared to
the control group. “represents P< 0.05 compared to the stress-induced group.
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Fig. 3. Effect of treadmill exercise on pCREB expression in the hippocampus.
(A) Control group, (B) control exercise group, (C) stress-induced group, (D) stress-
induced and exercise group. The data are presented as the mean+ standard
error of the mean (SEM). *represents P<0.05 compared to the control group.
“represents P<0.05 compared to the stress-induced group.

0.02 for the stress-induced group, and 0.58+0.01 for the stress-in-
duced and exercise group. When the level of TrkB in the control
group was set at 1.00, the level of TrkB was 0.88+0.02 in the con-
trol and exercise group, 0.36+0.04 in the stress-induced group,
and 0.73£0.02 in the stress-induced and exercise group. Expres-
sion of BDNF and TtkB in the hippocampus was decreased by in-
duction of stress (P <0.05). In contrast, treadmill exercise enhanced
expression of BDNF and TrkB in the stress-induced rats (P < 0.05).

Effect of treadmill exercise on pCREB expression in
hippocampus

PCREB expression is presented Fig. 3. When the level of pCREB
in the control group was set at 1.00, the level of pCREB was 0.96
+0.04 in the control and exercise group, 0.66+0.03 in the stress-in-
duced group, and 0.85+0.03 in the stress-induced and exercise
group. Expression of pCREB in the hippocampus was decreased
by induction of stress (P <0.05). In contrast, treadmill exercise
enhanced pCREB expression in the stress-induced rats (P <0.05).

Effect of treadmill exercise on 5-HT:a expression in

hippocampus

5-HT\4 expression is presented Fig. 4. When the level of 5-HT\a
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Fig. 4. Effect of treadmill exercise on 5-HT1a expression in the hippocampus.
(A) Control group, (B) control and exercise group, (C) stress-induced group, (D)
stress-induced and exercise group. The data are presented as the mean+ stan-

dard error of the mean (SEM). *represents P<0.05 compared to the control
group. represents P<0.05 compared to the stress-induced group.

A

in the control group was set at 1.00, the level of 5-HT14 was 0.92
+0.04 in the control and exercise group, 0.72+0.03 in the stress-
induced group, and 0.86+0.02 for the stress-induced and exercise
group. Expression of 5-HT14 in the hippocampus was decreased
by induction of stress (P <0.05). In contrast, treadmill exercise
enhanced 5-HT1a expression in the stress-induced rats (P <0.05).

DISCUSSION

Defect in the social interaction is the major symptom of depres-
sion, and it is related with impaired synaptic plasticity and seroto-
nergic function (Mattson et al., 2004; Michelsen et al., 2008). In
the preset study, stress-induced depressive rats showed less time
with unfamiliar partner in the social interaction test.

Down-regulation of BDNF and trkB in the hippocampus is as-
sociated with depressive patients (Dwivedi et al., 2003; Lee et al.,
2007). Alteration of synaptic plasticity causes depression (Duman,
2002), and increased CREB in the hippocampus produces anti-de-
pressant like effects (Catlezon et al., 2005). Survival-promoting
effect of hippocampal BDNF signaling by exercise is dependent
on CREB, and activation of CREP is an important part of hippo-
campal survival-enhancing mechanism of anti-depressants (Chen
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and Russo-Neustadt, 2009). In the present study, expression BD-
NE, trkB, and pCREB were decreased in the hippocampus of stress-
induced depressive rats.

5-HT from dorsal and median raphe ramifies to the most of the
brain areas, and 5-HT is implicated in the cognitive and affective
disorders, such as anxiety and depression (Cools et al., 2008). 5-HT
receptors are also involved in the pathophysiology of depression, and
5-HT receptors are target for the mechanism of antidepressants. One
of the 5-HT receptor subtypes, 5-HTi4 receptor is mostly expressed
in the mammalian brain (Albert and Lemonde, 2004). 5-HTi4 re-
ceptor is especially expressed in the hippocampus, and suppressed
5-HT1s mRNA was observed in the patient with depression (Lopez-
Figueroa et al., 2004; Meltzer et al., 2004). Decrement in hippo-
campal 5-HT1a receptor function induced by mild stress in BD-
NF-deficient mice was prevented by administration of the selective
serotonin reuptake inhibitor fluoxetine, which increased activation
of TrkB (Burke et al., 2013). They suggested that decreased BDNF
expression is implicated in the stress-related mental illness (Burke et
al., 2013). In the present study, 5-HT'4 expression in the hippocam-
pus was decreased in the stress-induced depressive rats.

Exercise improved symptoms of depressive disorder patient (Di-
meo et al., 2001), and regular exercise suppressed neuroticism,
anxiety, and depression (DeMoor et al., 2006). In the present study,
treadmill exercise increased the time with unfamiliar partner in
the depressive rats, suggesting that treadmill exercise exerted an-
ti-depressive effect.

Exercise influences brain plasticity by promoting neurogenera-
tive, neuroadaptive and neuroprotective processes, and some of the
process are regulated by neurotrophic factors (Ding et al., 2011,
Huang et al., 2006; Kim et al., 2014). In addition, serotonin func-
tion is also enhanced by exercise (Kim et al., 2015; Korb et al.,
2010). In the present study, treadmill exercise enhanced expres-
sions of BDNF and pCREB in the hippocampus of the depressive
rats. Treadmill exercise also enhanced 5-HT1a receptor expression
in the hippocampus of the depressive rats.

The present results show that stress during induces impairment
of social interaction through reduction of synaptic plasticity and
serotonergic function in the hippocampus. Treadmill exercise alle-
viate s impairment of social interaction by enhancing hippocam-
pal plasticity and serotonergic function in the hippocampus. These
effects of treadmill exercise are achieved through 5-HTa receptor.
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