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Treadmill exercise ameliorates social isolation-induced
depression through neuronal generation in rat pups
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Social isolation is known to induce emotional and behavioral changes
in animals and humans. The effect of treadmill exercise on depression
was investigated using social isolated rat pups. The rat pups in the so-
cial isolation groups were housed individually. The rat pups in the exer-
cise groups were forced to run on treadmill for 30 min once a day from
postnatal day 21 to postnatal day 34. In order to evaluate depression
state of rat pups, forced swimming test was performed. Newly generat-
ed cells in the hippocampal dentate gyrus were determined by 5-bro-
mo-2"-deoxyuridine (BrdU) immunohistochemistry. We examined the
expression of 5-hydroxytryptamine (5-HT) and tryptophan hydroxylase
(TPH) in the dorsal raphe using immunofluorescence. The expression of
brain-derived neurotrophic factor (BDNF) and tyrosine kinase B (TrkB)
was detected by Western blot analysis. The present results demon-

INTRODUCTION

Social isolation is known to induce emotional and behavioral
changes in animals and humans (Fone and Porkess, 2008). Social
isolation resulted in aggressiveness and depression-like behaviors
in rats (Dandekar et al., 2009). Neurochemical imbalance in the
brain regions contributes pathogenesis of depression (Castrén,
2005). Hippocampus is one of the most stress-sensitive brain re-
gions (McEwen, 2008) and hippocampus is implicated in the patho-
genesis of depression and mediation of antidepressants (MacQueen
and Frodl, 2011). Impaired hippocampal neurogenesis may be an
important factor in precipitating episodes of depression and stim-

strated that social isolation increased resting time and decreased mo-
bility time. Expression of 5-HT and TPH in the dorsal raphe and expres-
sion of BDNF and TrkB in the hippocampus were decreased by social
isolation. The number of BrdU-positive cells in the hippocampal dentate
gyrus was suppressed by social isolation. Treadmill exercise decreased
resting time and increased mobility in the social isolated rat pups. Ex-
pression of 5-HT, TPH, BDNF, and TrkB was increased by treadmill exer-
cise. The present results suggested that treadmill exercise may amelio-
rates social isolation-induced depression through increasing neuronal
generation.

Keywords: Social isolation, Treadmill exercise, Depression, Neuronal
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ulation of neurogenesis may be essential for effectiveness of anti-
depressants (Kempermann and Kronenberg, 2003).

The effect of exercise for treating stress-related illnesses, espe-
cially depression, is well documented (Lawlor and Hopker, 2001).
Physical exercise has an antidepressant action in animals and hu-
mans (Malberg et al., 2000; Santarelli et al., 2003). Manev et al.
(2001) reported that antidepressant medication is closely related
with hippocampal neurogenesis, and hippocampal neurogenesis
appears to be necessary for the effect of antidepressants (Santarelli
et al., 2003).

In addition to neurogenesis, brain-derived neurotrophic factor
(BDNF) has been suggested as an important factor in the patho-
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genesis of depression or in the mechanism of antidepressants (San-
tarelli et al., 2003). Exercise-induced BDNF increment is associ-
ated with therapeutic effect of exercise on depression (Monteggia
et al., 2004). Koponen et al. (2005) reported that BDNF knock-
out mice showed impaired antidepressant response and infusion of
BDNF into the hippocampus produced antidepressive effect. De-
pression-induced reduction of neurotrophic factors, such as BDNE,
decreased neurogenesis, meanwhile decreased neurotrophic factors
including BDNF were restored by exercise (Redila and Christie,
2000).

Based on the previous studies, we hypothesize that treadmill
exercise enhances hippocampal neurogenesis via increasing BDNF
expression in social isolation-induced depression. In the present
study, the effect of treadmill exercise on depression-like conditions
using social isolated rat pups was investigated.

MATERIALS AND METHODS

Animals and treatments

Male and female Sprague-Dawley rat pups were used in this ex-
periment. The experimental procedures were performed in accor-
dance with the animal care guidelines of the National Institutes of
Health and the Korean Academy of Medical Sciences. The day of
delivery was designated postnatal day 0. On the postnatal day 14,
each rat pup from each dam was divided into one of the four groups:
the control group, the exercise group, the social isolation group,
and the social isolation and exercise group (n=8 in each group).
The rat pups in the control group and exercise group were housed
with their respective mothers under the standard conditions, while
the rat pups in the social isolation groups were housed individual-
ly. The social isolation started on the postnatal day 14. All the rat
pups were injected subcutaneously with 50-mg/kg 5-bromo-2"-de-
oxyuridine (BrdU) (Sigma Chemical Co., St Louis, MO, USA) ev-
ery other day at 1 hr prior to starting treadmill exercise from post-
natal day 21 to postnatal day 26.

Treadmill exercise protocol

The rat pups in the exercise groups were forced to run on tread-
mill for 30 min once a day from postnatal day 21 to postnatal day
34. The exercise load consisted of running at a speed of 2 m/min
for the first 5 min, at a speed of 5 m/min for the next 5 min, and
then at a speed of 8 m/min for the last 20 min with 0% grade of

inclination.
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Forced swimming test

In order to evaluate the degree of a depression in the rat pups,
we performed a modified forced swimming test, according to a
previously described method (Khisti et al., 2000). On postpartum
day 32, the rat pups conducted a pretest for 15 min to eliminate
the acute stress by water and to adapt the animals to the water.
Twenty-four hours after the pretest, the rat pups were tested for
10 min. The animals were placed individually in the glass cylin-
der 20 cm in diameter and 90 cm in height, filled with water to a
height of 75 c¢m. The temperature of the water was adjusted to
25°C+1°C. During the test session, resting time and mobility
time were analyzed using a Smart version 2.5 video tracking sys-
tem (Panlab, Barcelona, Spain). Resting was defined to occur when
no additional activity was observed other than the actions needed
to keep the rat’s head above the water. Mobility was defined to oc-
cur when the rat was in an active vertical motion with its forelegs

above the water level.

Tissue preparation

To begin the sacrificial process, the animals were fully anesthe-
tized using Zoletil 50 (10 mg/kg intraperitoneally; Vibac Labora-
tories, Carros, France). After a complete lack of response was ob-
served, the rat pups were transcardially perfused with 50 mM phos-
phate-buffered saline (PBS) and subsequently fixed with freshly
prepared 500 mM phosphate buffer (pH, 7.4) containing 4% para-
formaldehyde. The brains of the rat pups were removed and fixed
in the same fixative overnight and then transferred into a 30% su-
crose solution for cryoprotection. Serial coronal sections of 40 pm
thickness were obtained using a freezing microtome (Leica, Nuss-
loch, Germany).

Immunofluorescence for 5-hydroxytryptamine and
tryptophan hydroxylase expression

Immunofluorescence was conducted to evaluate the expression
of 5-hydroxytryptamine (5-HT)-positive and tryptophan hydrox-
ylase (TPH)-positive cells in the dorsal raphe, according to a pre-
viously described method (Sung et al., 2012). The sections were
then incubated overnight with rabbit polyclonal anti-5-HT anti-
body (1:500; Immuno Star, Hudson, W1, USA) and mouse mono-
clonal anti-TPH antibody (1:500; Oncogene Research Products,
Cambridge, UK). The sections were next incubated for 90 min
with CY3 anti-rabbit secondary antibody (Vector Laboratories,
Burlingame, CA, USA) and FITC anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA).
The sections were then mounted on gelatin-coated glass slides,
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and the coverslips were mounted using fluorescent mounting me-
dium (DakoCytomation, Carpinteria, CA, USA).

Immunohistochemistry for BrdU

For the detection of newly generated cells in the hippocampal
dentate gyrus, BrdU immunohistochemistry was performed, ac-
cording to a previously described method (Baek et al., 2012). The
sections were incubated overnight at 4°C with mouse monoclonal
anti-BrdU antibody (1:600; Roche, Mannheim, Germany). Then,
the sections were washed 3 times with PBS and incubated for 90
min with the biotionylated mouse secondary antibody (1:200;
Vector Laboratories). After BrdU-specific staining, counter-stain-
ing was performed on the same sections using a mouse monoclo-
nal anti-neuronal nucleic (NeuN) antibody (1:300; Chemicon In-
ternational, Temecula, CA, USA). The slides were air dried over-
night at room, and coverslips were mounted with Permount (Fish-
er Scientific, New Jersey, NJ, USA). The numbers of BrdU-posi-
tive cells in the dentate gyrus was counted hemilaterally under a
light microscope (Olympus, Tokyo, Japan), and they were expressed
as the number of cells per square millimeter in the dentate gyrus.

Western blot analysis

Western blot analysis for BDNF and tyrosine kinase B (TrkB)
was performed, according to a previously described method (Kim
et al., 2010). Proteins were then transferred to nitrocellulose and
the blots were probed with anti-BDNF rabbit polyclonal anti-
body (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or anti-TrkB rabbit polyclonal antibody (1:1,000, Santa Cruz Bio-
technology). Peroxidase anti-rabbit IgG (1:5,000, Vector Labora-
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tories) was used as the secondary antibodies. Immunoreactivity
was detected by enhanced chemiluminescence detection kit (Santa
Cruz Biotechnology).

Data analysis

Differences among the groups were evaluated using one-way
analysis of variance followed by Duncan post hoc test. All values are
expressed as the mean *standard error of the mean. Statistically
significant differences were established at P < 0.05.

RESULTS

Effect of treadmill exercise on depression

Forced swimming test was conducted for the evaluation of depres-
sion state (Fig. 1). The resting time for the social isolation group
was longer than that for the control group (P <0.05). Treadmill
exercise significantly decreased the resting time of the rat pups in
the social isolation group (P <0.03). The mobility time for the so-
cial isolation group was shorter than that for the control group
(P <0.05). Treadmill exercise significantly increased the mobility
time of the rat pups in the social isolation group (P <0.05).

Effect of treadmill exercise on the 5-HT synthesis and TPH
expression

Photomicrographs of 5-HT and TPH-positive cells in the dor-
sal raphe are shown in Fig. 2. The number of 5S-HT-positive cells
in the social isolation group was lower than that in the control
group (P <0.05). The number of 5-HT-positive cells in the social
isolation and exercise group was higher than that in the social iso-
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Fig. 1. Forced swimming test. Left panel: Resting time. Right panel: Mobility time. A, control group; B, exercise group; C, social isolation group; D, social isolation and
exercise group. The data are represented as the mean + standard error of the mean. *P<0.05 compared to the control group. *P<0.05 compared to the social isola-

tion group.
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Fig. 2. 5-Hydroxytryptamine (5-HT) and tryptophan hydroxylase (TPH)-positive cells in the dorsal raphe. Left panel: Photomicrographs of 5-HT-positive and TPH-posi-
tive cells in the dorsal raphe. A and a, control group; B and b, exercise group; C and c, social isolation group; D and d, social isolation and exercise group. The scale
bar represents 200 pm. Right panel: Number of 5-HT-positive and TPH-positive cells in each group. A, control group; B, exercise group; C, social isolation group; D, so-
cial isolation and exercise group. The data are represented as the mean+ standard error of the mean. *P<0.05 compared to the control group. *P<0.05 compared to

the social isolation group.

lation group (P <0.05). The number of TPH-positive cells in the
social isolation group was lower than that in the control group
(P <0.05). The number of TPH-positive cells in the social isola-
tion and exercise group was higher than that in the social isolation
group (P <0.05).

Effect of treadmill exercise on neurogenesis

Photomicrographs of BrdU-positive cells in the hippocampal
dentate gyrus are shown in Fig. 3. The number of BrdU-positive
cells in the social isolation group was lower than that in the con-
trol group (P <0.05). The number of BrdU-positive cells in the
social isolation and exercise group was higher than that in the so-
cial isolation group (P <0.05).
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Effect of treadmill exercise on BDNF and TrkB expression

Western blot analysis for the expression of BDNF and TrkB in
the hippocampus was performed (Fig. 4). The expression of BDNF
and TrkB was decreased by social isolation (P <0.05). Treadmill
exercise increased BDNF and TrkB expression in the rat pups of
social isolation group (P <0.05).

DISCUSSION

Social isolation induces various neural and behavioral changes
in the distressed animals (Stowe et al., 2005). In the present study,
the rat pups were isolated from their peers from postnatal day 14
to postnatal day 28. Depression-like symptoms can be evaluated
by forced swimming test (Dandekar et al., 2009). In the forced
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Fig. 3. Cell proliferation in the hippocampal dentate gyrus. Upper panel: Photo-
micrographs of 5-bromo-2'-deoxyuridine (BrdU)-positive cells. Arrows indicate
BrdU-positive cells. The scale bar represents 200 pm. Lower panel: Number of
BrdU-positive cells in each group. A, control group; B, exercise group; C, social
isolation group; D, social isolation and exercise group. The data are represent-
ed as the mean + standard error of the mean. *P<0.05 compared to the control
group. *P<0.05 compared to the social isolation group.

swimming test, the time of resting and mobility is critical indica-
tor determining depression state. In the present study, we found
an increase in resting time and a decrease in mobility time in the
rat pups of social isolation group. Treadmill exercise shortened
resting time and increased mobility time. These results showed
that treadmill exercise alleviated depression of the rat pups isolat-
ed from their peers.

Serotonin (5-HT) is related with depression and adult neuro-
genesis. Serotonergic systems in the brain are influenced by vari-
ous chronic stresses (Lee et al., 2001), and decreased activity of the
brain serotonergic system is implicated in the pathophysiology of
depression (Arborelius et al., 2004). In order to confirm whether
social isolation induced depression, we measured 5-HT synthesis
and TPH expression in the dorsal raphe. In this study, 5-HT syn-
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Fig. 4. Brain-derived neurotrophic factor (BDNF) and tyrosine kinase B (TrkB)
expression in the hippocampus. Upper panel: Representative expression of
BDNF, TrkB, and B-actin. Lower panel: Relative BDNF and TrkB expression in
each group. A, control group; B, exercise group; C, social isolation group; D, so-
cial isolation and exercise group. The data are represented as the mean+ stan-
dard error of the mean. *P<0.05 compared to the control group. *P<0.05 com-
pared to the social isolation group.

thesis in the dorsal raphe of rat pups was suppressed by social iso-
lation, but treadmill exercise increased the expression of 5-HT.
This tendency was supported by Baek et al. (2012) showing that
5-HT synthesis in the dorsal raphe was lower in the maternal sep-
aration model than that in the maternal care rats. Yang et al. (2008)
also reported that 5-HT level in the dorsal raphe was lower in the
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depression model compared to the normal rats. As TPH is the
rate-limiting enzyme for the synthesis of 5-HT, reduction in TPH
leads to a rapid decrease in 5-HT release (Lee et al., 2001). In this
study, TPH expression in the dorsal raphe of rat pups was decreased
by social isolation and treadmill exercise increased the expression
of TPH. The present results suggested that treadmill exercise re-
stored serotonin level in the dorsal raphe of social isolated rat pups.

Chronic stresses, such as social isolation, play a major role in the
regulation of postnatal neurogenesis (Mirescu and Gould, 2006).
Lee et al. (2001) showed that a decrement of neurogenesis was re-
lated to the pathogenesis of depression. Fabricius et al. (2008) de-
monstrated that stressful experiences are known to suppress neu-
rogenesis in the hippocampal dentate gyrus. Based on previous
studies, decrease in neurogenesis can be considered as a hallmark
for depression. In the present study, the number of BrdU-positive
cells in the hippocampal dentate gyrus of rat pups was decreased
by social isolation. However, treadmill exercise significantly in-
creased cell proliferation in the hippocampal dentate gyrus of so-
cial isolated rat pups.

Physical exercise stimulates local neurotrophic factor and en-
hances plasticity (Gémez-Pinilla et al., 2002). Especially, BDNF
has been suggested as a principal mediator for the exercise effect
on the overall brain function. Stress-induced reduction of neuro-
trophic factors, such as BDNE, may decrease neurogenesis (Ras-
musson et al., 2002). In this study, the expression of BDNF in the
hippocampus of rat pups was decreased by social isolation, but
treadmill exercise increased BDNF level in the social isolated rat
pups. The result of our study is relevant with previous study show-
ing that expression of BDNF in the hippocampus of depressive
animal models was decreased and that voluntary exercise restored
BDNF level (Fuss et al., 2010).

Exercise is currently advocated as a behavioral intervention to
increase new cell generation and survival in the hippocampal den-
tate gyrus (Sim et al., 2004). Increased neurogenesis in the hippo-
campal dentate gyrus is closely associated with ameliorating effect
of depressive state (Taliaz et al., 2010). The present results sug-
gested that treadmill exercise may ameliorates social isolation-in-
duced depression symptoms through increasing neuronal genera-
tion.
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