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Autism is a complex neurodevelopmental disability with impairments of 
social interaction and communication, and repetitive behavior. Reelin is 
an extracellular glycoprotein that is essential for neuronal migration 
and brain development. Neuroprotective effects of exercise on various 
brain insults are well documented, however, the effects of exercise on 
autism in relation with reelin expression are not clarified. In the present 
study, we investigated the effects of treadmill exercise on the functional 
recovery and on the expressions of reelin and its downstream mole-
cules, phosphatidylinositol-3-kinase (PI3K), phosphorylated Akt (p-Akt), 
phosphorylated extracellular signal-regulated protein kinase 1 and 2 
(p-ERK1/2), using autistic rats. For the induction of autism-like animal 
model, 400 mg/kg valproic acid was subcutaneously injected into the 
rats on the postnatal day 14. The rat in the treadmill exercise groups 
were forced to run on a treadmill for 30 min once a day, five times a 

week for 4 weeks, starting postnatal day 28. To investigate autism-like 
behaviors and memory deficit, open field, social interaction, and radial 
8-arm maze were performed. Immunohistochemistry and western blot-
ting were conducted. In the present results, treadmill exercise alleviat-
ed aggressive tendency and improved correct decision in the spatial 
learning memory in the autistic rats. Treadmill exercise increased neu-
rogenesis and the expressions of reelin and its down-stream molecules, 
PI3K, p-Akt, and p-ERK1/2, in the hippocampus of the autistic rats. The 
present study showed that treadmill exercise ameliorated aggressive 
behavior and improved spatial learning memory through activation of 
reeling signaling pathway in the valproic acid-induced autistic rats. 

Keywords: Autism, Valproic acid, Treadmill exercise, Reelin, Hippocam-
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INTRODUCTION

Autism is a complex neurodevelopmental disability with a vari-
ety of symptoms including impairments of social interaction and 
communication, and repetitive behavior (Fatemi et al., 2005; Ver-
nazza-Martin et al., 2005). Autism is generally diagnosed between 
the ages of six months and three years old (Rogers, 2009), and it 
has been hypothesized that autism’s symptoms may be resulted 
from the maturation-related histological alterations in many areas 
of brain, and these changes are closely associated with dysregula-
tion of biochemical molecules expressed in the autistic brains 

(Penn, 2006). Since autism was first recognized as a disorder in 
1943, speculation about its etiology has ranged from biological to 
psychological and back again. However unknown causes account 
for 80-90% of cases.

Apoptosis is a form of cell death that constitutes part of a com-
mon mechanism in cell replacement, tissue remodeling, and re-
moval of damaged cells (Thompson, 1995). Apoptosis has two 
main pathways (the extrinsic and intrinsic pathways). A class of 
cysteine proteases, such as caspase-8, caspase-9, and caspase-3, is 
commonly involved in these pathways (Nuñez et al., 1998). Of 
these, caspase-3 is the most widely studied member of the caspase 
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family and it is one of key executors of apoptosis (Cohen, 1997). 
Excessive neuronal apoptosis contributes to dysfunction of the 
central nervous system (Baek et al., 2012; Kuhn et al., 2005).

Reelin is a large secreted extracellular matrix glycoprotein that 
regulates migration and positioning of neurons as well as synaptic 
plasticity in the developmental brain (Fatemi, 2005; Fatemi et al., 
2001). Its activity is regulated by a signaling transduction path-
way binding to the two members of very low density lipoprotein 
receptor (VLDL) and the apolipoprotein E receptor s (ApoER2). 
VLDL and ApoER2 phosphorylate intracellular adaptor protein 
Disabled-1 (Dab-1), which facilitates Src-tyrosine kinase family. 
These changes activate specific molecules such as phosphatidyli-
nositol-3-kinase (PI3K) and protein kinase B (Akt), and extracel-
lular signal-regulated protein kinase 1 and 2 (ERK1/2), then lead 
to inhibition of neuronal apoptosis in the brain (Beffert et al., 
2002, 2005). Fatemi et al. (2001) reported the deficits in the 
brain levels of reelin mRNA and protein in the subjects with 
schizophrenia, major depression, and autism.

Exercise enhances learning ability and memory functions, pro-
tects from neurodegeneration, delays age-related cognitive de-
cline, and alleviates symptoms of the developmental and neuro-
psychiatric disorders (Cotman et al., 2007; Kim et al., 2010, 2011; 
Seo et al., 2013). Neuroprotective effects of exercise on various 
brain insults are well documented (Kim et al., 2011; Lang et al., 
2010; Petrus et al., 2008), however, the effects of exercise on au-
tism in relation with reelin expression are not clarified. In the 
present study, we investigated the effects of treadmill exercise on 
the functional recovery and on the expressions of reelin and its 
downstream molecules, PI3K, phosphorylated Akt (p-Akt), phos-
phorylated ERK1/2 (p-ERK1/2), using valproic acid (VPA)-in-
duced autistic rats. 

MATERIALS AND METHODS

Experimental animals and treatments
Male Sprague-Dawley rats, weighing 26±8 g (2 weeks of age) 

were used for the experiment. The experimental procedures were 
performed in accordance with the animal care guidelines of the 
National Institutes of Health (NIH) and the Korean Academy of 
Medical Sciences. The rats were housed under the controlled tem-
perature (20±2˚C), humidity (60%), and the lighting (08:00-
20:00 h) conditions. Food and water were made available ad libi-
tum. The animals were randomly assigned to each of four groups 
(n=15 in each group): the control group, the treadmill exercise 
group, the VPA-treated group, and the VPA-treated and tread-

mill exercise group. 
For the induction of autism-like animal model, 400 mg/kg val-

proic acid (Sigma Chemical Company, St. Lois, MO, USA) dis-
solved in saline at a concentration of 0.1 mL/kg was subcutaneous-
ly injected into the rat pups on the postnatal day 14, according to 
the previous described method (Wagner et al., 2006). Day of birth 
was recorded as day 0, and all rats were labeled for individual iden-
tification. The rats in the control groups received subcutaneous 
injection of saline in the same volume and on the same schedule.

After starting of treadmill exercise, 5-bromo-2´-deoxyuridine 
(BrdU) (Sigma Chemical Company) administrated to all animals 
via intraperitoneal injection (50 mg/kg in saline), once daily for 3 
times during a week. The animals were sacrificed immediately af-
ter finishing behavior tests. 

Treadmill exercise protocol
The rat in the treadmill exercise groups were forced to run on a 

treadmill for 30 min once a day, five times a week for 4 weeks, 
starting postnatal day 28. Exercise load for the exercise groups 
consisted of running at a speed of 2 meters/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 the 0˚ inclination. 

Open field test
For open field test, the animals were randomly assigned to an 

order of testing and placed in a white square open field arena (100 
cm×100 cm) made of wood. As previously reported (Kim et al., 
2011), it was enclosed with 40-cm high walls and placed under 
strong illumination (200 lux). The arena was divided into 25 
squares (each square is 20×20 cm), defined as 9 central and 16 
peripheral squares. The animal was placed in the center of the are-
na and left free to explore the environment for 1 min. After that 
time, the numbers of squares that the rat crossed were recorded 
for 5 min.

Social interaction test 
The social interaction test was conducted in a 120×120×60 

cm black wooden arena illuminated by a 40 W red lamp. Age- 
and treatment-matched pairs of rats with approximately equal 
body weight, but from different home cages, were placed together 
in the arena for 20 min. Social behaviors include: (1) following/
chasing: one rat following the other within a distance of two body- 
lengths, (2) anogenital interactions, (3) adjacent interactions: in-
cluding play-fighting, climbing over/under, and adjacent lying, 
(4) head-to-head interactions, and (5) total social interaction: time 
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spent in all of the above categories. The apparatus was cleaned with 
50% ethanol between test sessions.

Radial 8-arm maze test
Spatial learning memory was tested using a radial 8-arm maze 

apparatus, as the previously described method (Kim et al., 2010). 
The radial 8-arm maze apparatus consisted of a central octagonal 
plate (30 cm in diameter) and radiating eight arms (50 cm in leng
th and 10 cm in width). The apparatus was placed 1 m above the 
floor. A small receptacle filled with water (3 cm in diameter and 1 
cm in depth) was located at the end of the arms. The rats were 
trained three times before the spatial learning test. In the training 
sessions, the rats deprived of water for 24 h were allowed to ex-
plore the water and to drink for 5 min. The time spent in seeking 
water at the end of the arms was counted. The test was terminated 
when a rat found water in all eight arms or over 6 min elapsed. 
The number of correct choice before the first error was counted. 
Re-entering to the previously visited arms was counted as the error. 

Tissue preparation 
The experimental animals were fully anesthetized using Zoletil 

50® (10 mg/kg, i.p.; Vibac Laboratories, Carros, France), transcar-
dially perfused with 50 mM phosphate-buffered saline (PBS), and 
fixed with a freshly prepared solution consisting of 4% parafor-
maldehyde in 100 mM phosphate buffer (PB, pH 7.4). Brains were 
dissected, post-fixed in the same fixative overnight, and trans-
ferred to 30% sucrose for cryoprotection. Sagittal sections of 40 
μm thickness in each section of cerebellum were made with a freez
ing microtome (Lieca, Nussloch, Germany). The sections were fi-
nally mounted onto gelatin-coated slides. The slides were air-dried 
overnight at room temperature, and the coverslips were mounted 
using Permount®. 

BrdU immunohistochemistry
For the detection of newly generated cells in the hippocampal 

dentate gyrus, BrdU-specific immunohistochemistry was per-
formed according to a previously described method (Baek et al., 
2012). In brief, the sections were permeabilized by incubating 
them in 0.5% Triton X-100 in PBS for 20 min, then they were 
pre-treated in 50% formamide-2 ×  standard saline citrate (SSC) 
at 65˚C for 2 h, denaturated in 2N HCl at 37˚C for 30 min, and 
they were rinsed twice in 100 mM sodium borate (pH 8.5). After-
wards, the sections were incubated overnight at 4˚C with BrdU- 
specific mouse monoclonal antibody (1:600; Roche, Mannheim, 
Germany). The sections were then washed three times with PBS 

and incubated for 1 h with the biotinylated mouse secondary anti-
body (1:200; Vector Laboratories, Burlingame, CA, USA). Then, 
the sections were incubated for another 1 h with avidin-peroxidase 
complex (1:100; Vector Laboratories). For visualization, the sec-
tions were incubated for 5 min in 50 mM Tris-HCl (pH 7.6) con-
taining 0.02% 3,3´-diaminobenzidine (DAB), 40 mg/ml nickel 
chloride, and 0.03% hydrogen peroxide. The slides were air-dried 
overnight at room temperature, and the coverslips were mounted 
using Permount® (Fisher Scientific, New Jersey, NJ, USA). 

Caspase-3 immunohistochemistry
Caspase-3 immunohistochemistry was performed, according to 

a previously described method (Kim et al., 2010). In brief, the 
sections were incubated overnight with mouse anti-caspase-3 an-
tibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
and then they were incubated for another 1 h with the biotinylat-
ed mouse secondary antibody. The bound secondary antibody was 
then amplified using a Vector Elite ABC kit® (1:100; Vector Lab-
oratories). The antibody-biotin-avidin-peroxidase complex was vi-
sualized using 0.03% DAB. The sections were finally mounted 
onto gelatin-coated slides. The slides were air-dried overnight at 
room temperature, and the coverslips were mounted using Per-
mount® ( Fisher Scientific).

Western blot analysis
Western blotting was conducted a previously described method 

(Kim et al., 2010). Tissue samples harvested from the hippocam-
pus were lysed in the protein lysis buffer containing 50 mM HE
PES (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 
1.5 mM magnesium chloride hexahydrate, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 2 mg/mL leupeptin, 1 mg/mL pepsta-
tin, 1 mM sodium ortho vanadate, and 100 mM sodium floride. 
Protein concentration was measured using a Bio-Rad colorimetric 
protein assay kit (Hercules, CA, USA). Protein of 40 μg was sepa-
rated on SDS-polyacrylamide gels and transferred onto a nitrocel-
lulose membrane (Schleicher & Schuell GmbH, Dassel, Germa-
ny). Mouse anti-reelin antibody (1:1,000; Millipore Corporation, 
Billerica, MA, USA), mouse anti-PI3K antibody (1:1,000; Santa 
Cruz Biotechnology), rabbit anti-p-Akt antibody (1:2,000; Cell 
Signaling Technology, Beverly, MA, USA), rabbit anti-total Akt 
antibody (1:1,000; Cell Signaling Technology), mouse anti-p-
ERK1/2 antibody (1:1,000; Santa Cruz Biotechnology), and rab-
bit anti-total ERK1/2 antibody (1:2,000; Cell Signaling Technol-
ogy) used as primary antibodies. Horseradish peroxidase-conju-
gated anti-mouse antibody (1:3,000; Santa Cruz Biotechnology) 
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for actin, and horseradish peroxidase-conjugated anti-rabbit anti-
body (1:4,000; Vector Laboratories) or horseradish peroxidase-con-
jugated anti-mouse antibody (1:3000; Vector Laboratories) used 
as secondary antibodies. Band detection was performed using as 
enhanced chemiluminescence (ECL) detection system (Amersham 
Pharmacia Biothech GmbH, Freiburg, Germany). 

Statistical analysis
The numbers of caspase-3-positive and BrdU-positive cells in 

the hippocampal dentate gyrus were counted using confocal la-
ser-scanning microscopy with LSM 510 META (Carl Zeiss, Ober
kochen, Germany). The numbers of caspase-3-positive and BrdU- 
positive cells in the hippocampal dentate gyrus were expressed as 
the number of cells per mm2 of the cross sectional area of the gra
nular layer. The final amount of western blot product for protein 
expression was calculated densitometrically using Imaging-Pro® 
Plus (Media Cybernetics Inc., Silver Spring, MD, USA). 

All data were analyzed using the statistical software SPSS (ver-
sion 18.0). The data are expressed as the mean±standard error of 
the mean (SEM). For the comparison among the groups, one-way 
analysis of variance (ANOVA) and Duncan’s post-hoc test were 
performed and differences were considered statistically significant 
at P<0.05. 

RESULT

Expression of caspase-3 in the hippocampus one day after 
VPA treatment 

One day after VPA treatment, caspase-3 expression was detected 
using caspase-3 immunohistocheistry. The number of caspase-3- 
positive cells in the hippocampal dentate gyrus was 7.4 ±1.3 in 
the control group and 48.7±3.1 in the one day after VPA-treated 
group (P<0.05). Many caspased-3-labeled cells were observed in 
the VPA-treated rats compared to the control group. The present 
results indicate that VPA injection induced apoptotic cell death 
in the hippocampus.

 
Effect of treadmill exercise on the activity in the open field 
test and on the behaviors in the social interaction test

The effect of treadmill exercise on the activity in the open field 
test is presented in Fig. 1A. The activity level was 85.1±7.4 in 
the control group, 97.5±9.6 in the control and treadmill exercise 
group, 53.6±10.4 in the VPA-treated group, and 67.3±11.1 in 
the VPA-treated and treadmill exercise group. The present results 
indicated that the activity in the VPA-treated group was decreas

ed compared to the control group (P<0.05). However, treadmill 
exercise did not significantly increase the activity in the VPA-in-
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Fig. 1. Effect of treadmill exercise on the activity in the open field test and the 
behaviors in the social interaction test. (A) Open field test. (B) The number of 
non-aggressive behavior in social interaction test. (C) The number of aggres-
sive behavior in social interaction test. (A) Control group, (B) control and exer-
cise group, (C) valproic acid (VPA)-treated group, (D) VPA-treated and treadmill 
exercise group. The data are represented as the mean± SEM. Symbols a, b, c 
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jected rats (P>0.05).
The effect of treadmill exercise on the behaviors in the social in-

teraction test is presented in Fig. 1B, C. The number of non-ag-
gressive behavior was 20.0±2.7 in the control group, 19.2±1.8 
in the control and treadmill exercise group, 10.4±1.9 in the VPA- 
treated group, and 14.2±0.9 in the VPA-treated and treadmill 
exercise group. The number of aggressive behavior was 3.8±0.7 
time in the control group, 5.8±1.1 time in the control and tread-
mill exercise group, 16.8±1.6 time in the VPA-treated group, 
and 10.2±2.9 time in the VPA-treated and treadmill exercise 
group. The present results indicated that non-aggressive behavior 
was decreased and aggressive behavior was increased in the VPA- 
treated group compared to the control group (P<0.05). Treadmill 
exercise did not enhance non-aggressive behavior (P>0.05), how-
ever, treadmill exercise suppressed aggressive behavior in the 
VPA-injected rats (P<0.05).

Effect of treadmill exercise on the spatial learning memory 
in the radial 8-arm maze test 

The effect of treadmill exercise on spatial learning memory in 
the radial 8-arm maze test is presented in Fig. 2. The time taken 
to complete eight successful performances was 249.3±30.6 sec in 
the control group, 194.9±15.4 sec in the control and treadmill 
exercise group, 368.6±24.9 sec in the VPA-treated group, 294.1 
±47.2 sec in the VPA-treated and treadmill exercise group. The 
number of correct choices to complete eight successful perfor-
mances was 5.2±0.5 in the control group, 7.2±0.1 in the control 
and treadmill exercise group, 3.0±0.4 in the VPA-treated group, 
and 4.7±1.9 in the VPA-treated and treadmill exercise group. 
The number of error to complete eight successful performances 
was 4.6±0.5 in the control group, 2.7±0.7 in the control and 
treadmill exercise group, 6.0±1.4 in the VPA-treated group, and 
5.1±0.8 in the VPA-treated and treadmill exercise group. The 
present result indicated that time and error number were increased 
and correct number was decreased in the VPA-treated group com-
pared to the control group (P<0.05). Treadmill exercise did not 
decrease time and error number (P>0.05), however, treadmill ex-
ercise increased correct number in the VPA-injected rats (P<0.05).

 
Effect of treadmill exercise on the hippocampal 
neurogenesis

The effect of treadmill exercise on the neurogenesis in the hip-
pocampal dentate gyrus is presented in Fig. 3. The number of 
BrdU-positive cells in the hippocampal dentate gyrus was 198.5 
±8.8 in the control group, 214.1±6.9 in the control and tread-

mill exercise group, 62.6±5.4 in the VPA-treated group, and 
102.3±4.6 in the VPA-treated and treadmill exercise group. The 
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Fig. 2. Effect of treadmill exercise on the performance time, correct number, 
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present result indicated that neurogenesis in the hippocampal den
tate gyrus was lower in the VPA-treated group compared to the 
control group (P<0.05). In contrast, treadmill exercise increased 
neurogenesis in the VPA-injected rats (P<0.05).

Effect of treadmill exercise on the co-localization of reelin 
in the hippocampus

Reelin protein was expressed in the CA1, CA3, hilus, and den-
tate gyrus in the hippocampus. Co-localization of reelin with BrdU- 
positive cells was observed in the hippocampal dentate gyrus (Fig. 
4). Reelin expression in the hippocampus was lower in the VPA- 
treated group compared to the control group. Treadmill exercise 
increased reelin expressions in the VPA-injected rats.

Effect of treadmill exercise on the expressions of reelin 
and its down-stream molecules in the hippocampus

BrdU-positive neurons were co-localized with reelin in the den-
tate gyrus of the hippocampus (Fig. 5, upper). The effect of tread-
mill exercise on the expressions of reelin and its down-stream mol
ecules, PI3K, p-Akt, and p-ERK1/2, is presented in Fig. 5 (low-
er). Band intensity of each protein expressed in control group was 
set at 1.00. 

When the level of reelin in the control group was set at 1.0±0, 
the level of reelin was 1.1±0.02 in the control and treadmill exer-

cise group, 0.3±0.04 in the VPA-treated group, and 0.5±0.06 in 
the VPA-treated and treadmill exercise group. When the level of 
PI3K in the control group was set at 1.0±0, the level of PI3K 
was 1.7±0.15 in the control and treadmill exercise group, 0.4±  
0.04 in the VPA-treated group, and 0.7±0.06 in the VPA-treat-
ed and treadmill exercise group. When the level of p-Akt in the 
control group was set at 1.0±0, the level of p-Akt was 1.3±0.10 
in the control and treadmill exercise group, 0.5±0.04 in the VPA- 
treated group, and 0.9±0.04 in the VPA-treated and treadmill 
exercise group. 

When the level of phosphorylated (p-ERK1/2) in the control 
group was set at 1.0±0, the level of p-ERK1/2 was 1.9±0.25 in 
the control and treadmill exercise group, 0.2±0.03 in the VPA- 
treated group, and 0.6±0.06 in the VPA-treated and treadmill 
exercise group. The present result indicated that the expressions of 
reelin and its down-stream molecules, PI3K, p-Akt, and p-ERK1/2, 
were decreased in the VPA-treated group compared to the control 
group (P<0.05). In contrast, treadmill exercise increased the ex-
pressions of reelin and its down-stream molecules in the VPA-in-
jected rats (P<0.05).

 

DISCUSSION

In the present study, we used 400 mg/kg of VPA to induce au-

Fig. 3. Effect of treadmill exercise on the neurogenesis in the dentate gyrus of the hippocampus. (A) Photomicrographys of neuronal nuclei and 5-bromo-2’-deoxyuri-
dine (BrdU)-positive cells. The scale bar represents 500 μm. (B) The number of BrdU-positive cells. (A) Control group, (B) control and exercise group, (C) valproic acid 
(VPA)-treated group, (D) VPA-treated and treadmill exercise group. The data are represented as the mean± SEM. Symbols a, b, c represent statistical significance 
(P< 0.05) in each group. 
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tistic symptoms in the rats on the postnatal day 14, and we ob-
served caspase-3 activation in the hippocampal dentate gyrus one 
day after VPA exposure. VPA is primarily used for the treatment 
of epilepsy, major depression, and bipolar disorder. However, ex-
posure of VPA during pregnancy results in a fetal valporate syn-
drome similar to autism (Arnon et al., 2000; Mawer et al., 2002). 
Administration of VPA to the rats on the postnatal day 14 showed 
autism-like symptoms including impairment of social and cogni-
tion and restricted-repetitive behavior (Yochum et al., 2008). Many 
previous studies reported that less than 500 mg/kg VPA injection 
induced severe autism-like state without death of experimental 
animals (Markram et al., 2008; Yochum et al., 2010). In the pres-
ent results, the dose of 400 mg/kg valproic acid was relevant to 

the inducing autism in the rats. 
In the present results, treadmill exercise suppressed VPA-in-

duced aggressive behavior, in contrast treadmill exercise exerted 
no significant effect on VPA-induced hyperacitivity and non-ag-
gressive behavior. The present results also showed that treadmill 
exercise alleviated VPA-induced decrement of correct number, in 
contrast, treadmill exercise exerted no significant effect on time 
and error number. Our preset study revealed that treadmill exer-
cise alleviated aggressive tendency and improved correct decision 
in the spatial learning memory in the autistic rats.

It is well documented that physical exercise enhances cognitive 
function, learning ability, and memory function (Baek et al., 2012; 
Brisswalter et al., 2002; Kim et al., 2010, 2012). Exercise amelio-

Fig. 4. Photomicrographs of reelin expressions in the CA1, CA3, hilus, and dentate gyrus of the hippocampus. The scale bar represents 100 μm. (A) Control group, (B) 
control and exercise group, (C) valproic acid (VPA)-treated group, (D) VPA-treated and treadmill exercise group. Enlarged images are to magnify the asterisk area in 
photo A. The scale bar represents 100 μm. 
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rates memory deficits, improves social behavior problems, and re-
lieves hyperactivity in autism (Allison et al., 1991; Bahrami et al., 
2012; Petrus et al., 2008). Following bouts of physical activity, 
children with autism experienced the decrement in negative be-
haviors, such as stereotypy, and the increment in positive behav-
iors, such as time on task (Levinson and Reid, 1993; Lang et al., 
2010). Petrus et al. (2008) suggested that exercise provides reduc-
tion of stereotypic behaviors in the children with autism spectrum 
disorder. Children with autism are more inactive in physical activ-
ity compared to their peers without autism (Macdonald et al., 2011). 

In the present study, we carried out BrdU assay to investigate 
the level of neurogenesis in the hippocampus of autistic rats. The 
present results showed that neurogenesis in the hippocampal den-
tate gyrus was decreased in the autistic rats, in contrast, treadmill 
exercise increased neurogenesis in the autistic rats. 

Individuals with autism in all age-group showed increment in 

neuronal cell packing density and decrement in nerve cell size in 
the amygdale, cortex, anterior cingulated gyrus, medial septal nu-
cleus and, hippocampal complex (Bauman and Kemper, 1985; Ray
mond et al., 1996). In the previous study, the number of BrdU- 
positive cells in the hippocampal dentate dyrus was suppressed in 
the VPA-treated autistic rats (Meng et al., 2011). Continuous 
neurogenesis in the hippocampus contributes to the recovery of 
autism-like symptoms in rats (Teixeira et al., 2012). 

In the present results, reelin expression in the hippocampus was 
suppressed in the autistic rats, in contrast, treadmill exercise en-
hanced reelin expression in the autistic rats. 

Several factors such as schizophrenia-1 (DISC-1), cyclin-depen-
dent kinase 5 (cdk5), NeuroD, Prox1, and reelin are implicated in 
the controlling of neurogenesis in the adult dentate granule cells 
(Gao et al., 2009; Karalay et al., 2011). Of them, reelin is essen-
tial for neuronal survival and differentiation. Reelin is an extracel-

Fig. 5. Effect of treadmill exercise on the activation of reelin signaling pathway in the hippocampus. Upper: Photomicrographys of reelin expression and 5-bro-
mo-2’-deoxyuridine (BrdU)-positive cells in the hippocampal dentate gyrus. The scale bar represents 50 μm (left) and 10 μm (right). Lower: Western blot analysis of 
reelin, phosphatidylinositol-3-kinase (PI3K), phosphorylated Akt (p-Akt), and phosphorylated extracellular signal-regulated protein kinase 1 and 2 (p-ERK1/2) in the 
hippocampus. (A) Control group, (B) control and exercise group, (C) valproic acid (VPA)-treated group, (D) VPA-treated and treadmill exercise group. The data are 
represented as the mean±SEM. Symbols a, b, c represent statistical significance (P<0.05) in each group. 
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lular protein that is essential for neuronal migration and brain de-
velopment (Fatemi et al., 2001; Fatemi, 2005). Dysregulation of 
reelin may be responsible for some of the brain structural and be-
havioral abnormalities observed in autism (Fatemi et al., 2001). In 
the adult brain, reelin is involved in the signaling pathway which 
underlies neurotransmission, memory formation, and synaptic 
plasticity (Fatemi, 2005). The activation of reelin signaling may 
inhibit excitotoxic neurotransmission and Tau phosphorylation, 
and may activate neurogenesis. This may lead to diminished brain 
injury and to increased brain injury repair (Delahaye et al., 2007). 

In the present study, we confirmed the changes of down-stream 
molecules of the reelin signaling pathway in the autistic rats. Ex-
pressions of PI3K, p-Akt, and p-ERK1/2 in the hippocampus 
were decreased in the autistic rats, in contrast, treadmill exercise 
increased the expression of PI3K, p-Akt, and p-ERK1/2 in the 
autistic rats. 

PI3K-Akt signaling pathway is under the control of reelin sig-
naling (Jossin and Goffinet, 2007; Waite and Eickholt, 2010). 
The relation of PI3K-Akt pathway with autism spectrum disor-
ders has been suggested. Kwon et al. (2006) reported that abnor-
mal activation of the PI3K-Akt pathway might be the one of the 
underlying mechanisms of macrocephaly and behavioral abnor-
malities in human autism spectrum disorders. PI3K signaling 
pathway is involved in the development of the brain, and aberrant 
PI3K signaling is an important contributing factor to the patho-
physiology of disorders such as schizophrenia and autism (Waite 
and Eickholt, 2010). Weaken PI3K-Akt-Bcl-xL results in an aug-
mented cell death, in contrast, activation of PI3K-Akt signaling 
pathway increases cell survival (Jeon et al., 2011). 

In the present study, treadmill exercise ameliorated aggressive 
behavior and improved spatial learning memory through activa-
tion of reeling signaling pathway in the VPA-induced autistic 
rats. The present study suggests the possibility that exercise can 
be applied for the symptom relief of autistic patients. 
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