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Substantia nigra and striatum are vulnerable to hypoxic ischemia brain 
injury. Physical exercise promotes cell survival and functional recovery 
after brain injury. However, the effects of treadmill exercise on nigro-stri-
atal dopaminergic neuronal loss induced by hypoxic ischemia brain in-
jury in neonatal stage are largely unknown. We determined the effects 
of treadmill exercise on survival of dopamine neurons in the substantia 
nigra and dopaminergic fibers in the striatum after hypoxic ischemia 
brain injury. On postnatal 7 day, left common carotid artery of the neo-
natal rats ligated for two hours and the neonatal rats were exposed to 
hypoxia conditions for one hour. The rat pups in the exercise groups 
were forced to run on a motorized treadmill for 30 min once a day for 12 
weeks, starting 22 days after induction of hypoxic ischemia brain injury. 
Spatial learning ability in rat pups was determined by Morris water maze 

test after last treadmill exercise. The viability of dopamine neurons in the 
substantia nigra and dopamine fibers in the striatum were analyzed us-
ing immunohistochemistry. In this study, hypoxic ischemia injury caused 
loss of dopamine neurons in the substantia nigra and dopaminergic fi-
bers in the striatum. Induction of hypoxic ischemia deteriorated spatial 
learning ability. Treadmill exercise ameliorated nigro-striatal dopami-
nergic neuronal loss, resulting in the improvement of spatial learning 
ability. The present study suggests the possibility that treadmill exercise 
in early adolescent period may provide a useful strategy for the recov-
ery after neonatal hypoxic ischemia brain injury. 
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INTRODUCTION

Hypoxic ischemia brain injury is a common cause of morbidity 
and mortality in neonates (Demers et al., 2005). Hypoxic isch-
emia brain injury in neonates results in severe encephalopathy, 
seizures, and cerebral palsy in survived infants (Brucknerová et al., 
2006; Chalmers, 2005; Obenaus and Ashwal, 2008).

The nigro-striatal dopaminergic pathway extends from the sub-
stantia nigra to the dorsal striatum via the median forebrain bun-
dle (Bergquist et al., 2003). The substantia nigra plays important 
roles in eye movement, motor planning, reward seeking, learning, 
and addiction. The most functions of substantia nigra are mediat-
ed through the striatum, because the nigral dopaminergic input 

to the striatum occurs via the nigrostriatal pathway (Nicola et al., 
2000). Dopamine neurons in the substantia nigra are vulnerable to 
the hypoxic-ischemic conditions and undergo degeneration (Singh 
et al., 2007). Striatum is also one of the most sensitive brain areas 
to the hypoxic ischemia injury (González-Hernández and Rodrí-
guez, 2000). 

Dopamine is a prevalent catecholaminergic neurotransmitter in 
the brain, and dopaminergic neurons are mainly localized in the 
substantia nigra pars compacta (Nelson et al., 1996). Dopamine 
plays a significant role in memory processes, especially through 
the interconnection of the striatum and the prefrontal cortex (Jay, 
2003). In acute brain slices, these dopamine neurons undergo hy-
perpolarization during hypoxia and hypoglycemia, which results 
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in silencing of the neurons (Singh et al., 2007). Following striatal 
hypoxic ischemica injury, there was a reduction in the number of 
substantia nigra dopaminergic neurons. These reductions occurred 
in the absence of apparent direct hypoxic ischemia injury to the 
substantia nigra (Burke et al., 1992). 

As dopamine and dopaminergic neurocircuitries are extremely 
sensitive to hypoxia and ischemia at birth (Klawitter et al., 2007), 
perinatal or postnatal hypoxic ischemia brain injury is associated 
with dopaminergic neuronal loss, and resulted in cognitive and 
motor impairments (Andreeva et al., 2001; Meng et al., 2006). 
Nigro-striatal dopamine disruption impairs the learning of com-
plex motor tasks (Russell, 2003; Sullvian and Brake, 2003).

Tyrosine hydroxylase (TH) is a rate-limiting enzyme for the bio-
synthesis of dopamine (Haavik and Toska, 1998). Oo et al. (1995) 
and Burke et al. (1992) indicated that postnatal 7 days neonatal 
rats exposed to the hypoxic ischemia injury induced by unilateral 
carotid ligation and followed by exposure to 8% O2 conditions for 
4 h showed decrease in the number of TH-positive neurons in the 
substantia nigra. 

Exercise improves spatial learning ability, memory capability, 
cognitive function, neurogenesis, and expressions of neurotrophic 
factors (O’Callaghan et al., 2007; Seo et al., 2013; Vasuta et al., 
2007; Yasuhara et al., 2007). However, the effect of treadmill ex-
ercise on dopamine expression in the nigro-stratal dopaminergic 
pathway following hypoxic ischemia brain injury is currently un-
known. In the present study, we investigated the effects of tread-
mill exercise during adolescence on spatial learning ability in rela-
tion with nigro-striatal dopamine level following hypoxic isch-
emia brain injury in neonatal rats.

MATERIALS AND METHODS

Animals and treatments
Seven-day-old Sprague-Dawley rats (10-15 g weight) were used 

in this experiment. The experimental procedures were performed 
in accordance with the animal care guidelines of National Insti-
tutes of Health (NIH) and Korean Academy of Medical Sciences. 
The animals were housed under the controlled temperature (20±  
2˚C) and lighting conditions (07:00 to 19:00), with food and wa-
ter made available ad libitum throughout the experiment. The ani-
mals were divided into the four groups (n=10 in each group): the 
sham-operation group, the sham-operation and exercise group, the 
hypoxic ischemia-induction group, and the hypoxic ischemia-in-
duction and exercise group.

Induction of hypoxic ischemia brain injury
We used the hypoxic ischemia injury model introduced by 

Rice-Vannucci model (Rice et al., 1981). On postnatal 7 day, the 
neonatal rats were anesthetized with diethyl ether and then the 
midline of the neck was incised at the longitudinal plane. The left 
common carotid artery was exposed, dissected from the vagus 
nerve, and doubly ligated with 4.0 suture silk to ensure cessation 
of blood flow. Two hours after surgery, the neonatal rats were then 
exposed to hypoxia conditions (8% oxygen, 92% nitrogen) for one 
hour by placing them in an airtight plastic box which was provid-
ed a 37˚C stable thermal environment. For the neonatal rats in the 
sham-operation group and in the sham-operation and exercise 
group, surgical incision was conducted without ligation, and ex-
posure to hypoxic condition was deducted. After exposure to hy-
poxia condition, all neonatal rats were left undisturbed together 
with their respective mothers for 21 days.

Treadmill exercise protocol
The rat pups in the exercise groups were forced to run on a mo-

torized treadmill for 30 min once a day for 12 weeks, starting 22 
days after induction of hypoxic ischemia brain injury. The exercise 
load used in the first 2 weeks consisted of running at 2 meters/
min, at 0 degree of inclination. Then, the speed of treadmill run-
ning was increased 2 meters/min each two weeks until 12 weeks, 
at 0 degree of inclination. The rat pups in the non-exercise groups 
were left in treadmill without running for the same period as the 
exercise groups. 

Morris water maze test
In order to evaluate the spatial learning ability in rat pups, the 

latency in the Morris water maze test was determined, as the pre-
viously described method (Li et al., 2007). The water maze was a 
circular pool (diameter=140 cm, height=45 cm) constructed of 
fiberglass. The water was maintained at a temperature of 22±2˚C. 
During testing in the water maze, a platform (diameter=15 cm, 
height=35 cm) was located 2 cm below the water surface in one 
of four locations in the pool. Clearly visible cues outside the basin 
were provided for orientation. The test consisted of three acquisi-
tion phases and two probe trials. In the acquisition phase, the rat 
pups had one daily session of four trials for 3 consecutive days to 
find the platform (diameter=15 cm, height=35 cm) submerged 
2 cm under the water surface. For each trial, the rat pup was placed 
in the water, facing the wall of the tank, in one of the four start 
locations. The rat pup was allowed to search for the platform for 
60 sec. If the rat pup found the platform, remaining on the plat-
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form for 10 sec was permitted. If the rat pup did not find the plat-
form within 60 sec, the rat pup was guided and allowed to remain 
on the platform for 10 sec. The interval between trials was 20 sec. 
After each training session, the rat pups were dried with a towel 
and returned to their cages. To assess spatial learning ability, the 
animals were subjected to the 60 sec probe trial following the last 
training session, and then the platform was removed from the pool. 
The occupancy times in the quadrant platform were recorded au-
tomatically by a video tracking system (SMART; Pan-Lab, Barce-
lona, Spain).

Tissue preparation
The rat pups were sacrificed after the completion of last tread-

mill exercise on the 12 weeks of the experiment. The animals were 
anesthetized using Zoletil 50® (10 mg/kg, i.p.; Vibac Laborato-
ries, Carros, France). The rat pups were transcardially perfused 
with 50 mM phosphate-buffered saline (PBS) and fixed with 4% 
paraformaldehyde in 100 mM phosphate buffer (PB, pH 7.4). 
The brains were dissected and postfixed in the same fixative over-
night and transferred into a 30% sucrose solution for cryoprotec-
tion. Coronal sections of 40 μm thickness in each section of brain 
was made with a freezing microtome (Leica, Nussloch, Germany).

Immunohistochemistry for TH 
Immunohistochemistry was conducted to evaluate the TH ex-

pressions in the substantia nigra and striatum, according to the 
previously described method (Sung et al., 2012). An average of 10 
sections within the substantia nigra spanning from Bregma -5.2 
mm to -5.6 mm and within striatum spanning from Bregma -0.7 
mm were obtained from each brain. The staining was carried out 
using free-gloating sections. The sections were incubated in PBS 
for 5 min and then washed three times in the same buffer. The 
sections were then incubated in 1% hydrogen peroxide (H2O2) for 
30 min to block the endogenous peroxidase activity. After wash-
ing in PBS, the sections were incubated in blocking serum (10% 
normal horse serum and 0.1% Triton X-100 in PBS) for 2 h. Next, 
the sections were incubated overnight with the anti-TH monoclo-
nal antibody solution (1:1,000; BD Pharmingen, San Diego, CA, 
USA). The sections were then incubated for 2 h with the bioti-
nylated anti-mouse secondary antibody (1:300; Vector Laborato-
ries, Burlingame, CA, USA). Next, the sections were incubated 
with avidin-biotin-peroxidase complex (Vector Laboratories) for 1 
h at room temperature. For staining, the sections were incubated 
in a solution consisting of 0.02% 3,3-diaminobenzidine tetrahy-
drochloride (DAB) and 0.03% H2O2 in 50 mM Tris-hydrochlo-

ride (HCl) (pH 7.6) for approximately 3 min, after which they 
were then washed with PBS and mounted onto gelatin-coated 
slides. The number of TH-positive cells in the substantia nigra 
was counted in each section using a microscope (Olympus, Tokyo, 
Japan), and the optical density of TH-fiber in the striatum was 
measured in images of the dorsolateral striatum Image-Pro Plus 
(Media Cybernetics, Bethesda, MD, USA).

Statistical analysis
All data were analyzed using the statistical software SPSS (ver-

sion 16.0). The data were expressed as the mean±standard error 
of the mean (SEM). For the comparison among the groups, one-
way ANOVA and Duncan’s post-hoc test were performed with 
P<0.05 as an indication of statistical significance. 

RESULTS

Effect of treadmill exercise on spatial learning ability 
Spatial learning ability was measured using the Morris-water 

maze test (Fig. 1). The time spent in the probe quadrant was 14.90 
±2.40 sec in the sham-operation group, 21.70±2.95 sec in the 
sham-operation and exercise group, 9.46±2.82 sec in the hypoxic 
ischemia-induction group, and 17.26±1.53 sec in the hypoxic 
ischemia-induction and exercise group. The present results showed 
that spatial learning ability was disturbed by induction of hypoxic 
ischemia injury and that treadmill exercise alleviated hypoxic ische-
mia-induced spatial learning impairment.

Effect of treadmill exercise on the TH expression in the 
substantia nigra 

Photomicrographs of TH-positive cells in the substantia nigra 
are presented in Fig. 2. The number of TH-positive cells in the 
substantia nigra was 191.00±39.18/section in the in the sham-op-
eration group, 213.73±31.24/section in the sham-operation and 
exercise group, 142.45±27.86/section in the hypoxic ischemia-in-
duction group, and 168.70±23.97/section in the hypoxic isch-
emia-induction and exercise group. The present results show that 
induction of hypoxic ischemia brain injury decreased the number 
of TH-positive cells and that treadmill exercise increased the num-
ber of TH-positive cells in the hypoxic ischemia-induced rat pups.

Effect of treadmill exercise on the dopamine expression in 
the substantia nigra

Photomicrographs of dopamine-positive cells in the substantia 
nigra are presented in Fig. 3. The number of dopamine-positive 
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cells in the substantia nigra was 211.24±41.98 /section in the in 
the sham-operation group, 220.41±25.37/section in the sham-op-
eration and exercise group, 164.38±31.60/section in the hypoxic 
ischemia-induction group, and 210.96±43.14/section in the hy-
poxic ischemia-induction and exercise group. The present results 
show that induction of hypoxic ischemia brain injury decreased 
the number of dopamine-positive cells and that treadmill exercise 
increased the number of TH-positive cells in the substantia nigra 
in the hypoxic ischemia-induced rat pups.

Effect of treadmill exercise on the TH expression in the 
striatum 

Photomicrographs of TH-positive fibers in the striatum are 
presented in Fig. 4. The optical density of the TH-fibers in the 
striatum was 86.50±2.52/section in the in the sham-operation 
group, 90.46±3.83/section in the sham-operation and exercise 
group, 85.27±1.91/section in the hypoxic ischemia-induction 
group, and 89.29±3.59/section in the hypoxic ischemia-induc-
tion and exercise group. The present results that induction of hy-
poxic ischemia brain injury decreased the expression of TH-fibers 
and that treadmill exercise increased the expression of TH-fibers 
in the striatum in the hypoxic ischemia-induced rat pups.

Fig. 1. Effect of treadmill exercise on spatial learning ability. (A) Sham-opera-
tion group, (B) sham-operation and exercise group, (C) hypoxic ischemia-induc-
tion group, (D) hypoxic ischemia-induction and exercise group. The data pres-
ent means ±  standard error of the mean (SEM). *P< 0.05 compared to the sh-
am-operation group. #P< 0.05 compared to the hypoxic ischemia-induction 
group.
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Fig. 2. Effect of treadmill exercise on the tyrosine hydroxylase (TH) expression 
in the substantia nigra. The scale bar represents 100 μm. (A) Sham-operation 
group, (B) sham-operation and exercise group, (C) hypoxic ischemia-induction 
group, (D) hypoxic ischemia-induction and exercise group. The data present 
means± standard error of the mean (SEM). *P< 0.05 compared to the sham- 
operation group. #P< 0.05 compared to the hypoxic ischemia-induction group.
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DISCUSSION

Hypoxic ischemia brain injury occurring during the neonatal 
period leads to severe neurodevelopmental impairments such as 
cerebral palsy, which is associated with damage to the striatum 
(Brucknerová et al., 2006; Chalmers, 2005; Obenaus and Ashwal, 
2008). Dopamine is implicated as an endogenous substance that 
mediates neuronal death after hypoxic ischemic insult (Adair and 
Filloux, 1992). 

The present study showed that the hypoxic ischemia brain in-
jury induced extensive degeneration of the dopaminergic neurons 
in the substantia nigra and a loss of dopaminergic fibers in the 
striatum. Hypoxic ischemia brain injury also deteriorated spatial 
learning ability in the Morris-water maze test. Burke et al. (1992) 

reported that neonatal hypoxic ischemia injury on postnatal 7 days 
resulted in a decrease in the TH-positive neurons in the substantia 
nigra of the neonatal and adult rats. The Rice-Vannucci model re-
duced the number of TH-positive cell bodies in the substantia 
nigra of the 4 weeks old rats (Oo et al., 1995). Fetal asphyxia caused 
profound loss of TH-positive neurons in the substantia nigra and 
TH-immunoreactivity in the striatum (Strackx et al., 2008). Hy-
poxic ischemia brain injury in the rodents also caused short-term 
and long-term learning deficits (Ikeda et al., 2001; Lubics et al., 
2005). 

In the present study, the reduction of TH-positive fibers in the 
striatum caused by the reduced number of TH-positive cells in 
the substantia nigra. The impairments in learning and memory 

Fig. 3. Effect of treadmill exercise on the dopamine expression in the substan-
tia nigra. The scale bar represents 100 μm. (A) Sham-operation group, (B) sh-
am-operation and exercise group, (C) hypoxic ischemia-induction group, (D) hy-
poxic ischemia-induction and exercise group. The data present means± stan-
dard error of the mean (SEM). *P< 0.05 compared to the sham-operation group. 
#P< 0.05 compared to the hypoxic ischemia-induction group.
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Fig. 4. Effect of treadmill exercise on the tyrosine hydroxylase (TH) expression 
in the striatum. The scale bar represents 250 μm. (A) Sham-operation group, (B) 
sham-operation and exercise group, (C) hypoxic ischemia-induction group, (D) 
hypoxic ischemia-induction and exercise group. The data present means± stan-
dard error of the mean (SEM). *P< 0.05 compared to the sham-operation group. 
#P< 0.05 compared to the hypoxic ischemia-induction group.
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following fetal hypoxic ischemia brain injury induced reduction 
in the number of TH-positive cell in the substantia nigra as well 
as a decreased TH-immunoreactivity in the striatum. Therefore, 
the altered TH activity in the present study may be part of the 
neural mechanisms contributing to the learning and memory im-
pairment induced by neonatal hypoxic ischemia brain injury. These 
results might reflect impaired spatial learning ability via alteration 
of dopaminergic system.

In the present study, treadmill exercise ameliorated degenera-
tion of the dopaminergic neurons in the substantia nigra and loss 
of dopaminergic fibers in the striatum. Following long-term tread-
mill exercise, spatial learning ability was recovered near to the con-
trol level. Exercise stimulates dopamine synthesis in the striatum 
of epileptic mice (Sutoo and Akiyama, 2003). Exercise has been 
demonstrated to exert neuroprotective effects, enhance neurogene-
sis, and increase angiogenesis (Kim et al., 2013; Seo et al., 2013; 
Sung et al., 2012; Swain et al., 2003). Several neurotrophic factors 
might be involved in these beneficial effects of exercise (Yasuhara 
et al., 2007).

In the present results, treadmill exercise for 12 weeks alleviated 
hypoxic ischemia injury-induced disturbance of spatial learning 
ability through prevention of nigro-striatal dopaminergic neuro-
nal loss. The present study suggests the possibility that treadmill 
exercise in early adolescent period may provide a useful strategy 
for the recovery after neonatal hypoxic ischemia brain injury. 

CONFLICT OF INTEREST

No potential conflict of interest relevant to this article was re-
ported.

ACKNOWLEDGMENTS

This research was supported by Basic Science Research Program 
through the National Research Foundation of Korea (NRF) fund-
ed by the Ministry of Education, Science and Technology (NRF-
2011-0021908).

REFERENCES

Adair J, Filloux F. Effects of hypoxic-ischemic brain damage on dopami-
nergic markers in the neonatal rat: a regional autoradiographic analy-
sis. J Child Neurol 1992;7:199-207.

Andreeva N, Heldt J, Leclere N, Gross J. Differential response of imma-
ture and mature neurons to hypoxia in rat mesencephalic cultures. 

Dev Neurosci 2001;23:406-11.
Bergquist F, Shahabi HN, Nissbrandt H. Somatodendritic dopamine re-

lease in rat substantia nigra influences motor performance on the ac-
celerating rod. Brain Res 2003;973:81-91.

Brucknerová I, Benedeková M, Pechán I, Holomán K, Bieliková E, Kostro-
vá A, Ujházy E, Dubovický M, Mach M. Delivery as a “physiological 
stress” and its influence on some parameters of oxidative stress. Neu-
ro Endocrinol Lett 2006;2:65-68.

Burke RE, Macaya A, DeVivo D, Kenyon N, Janec EM. Neonatal hypox-
ic-ischemic or excitotoxic striatal injury results in a decreased adult 
number of substantia nigra neurons. Neuroscience 1992;50:559-569.

Chalmers EA. Perinatal stroke--risk factors and management. Br J Hae-
matol 2005;130:333-343.

Demers EJ, McPherson RJ, Juul SE. Erythropoietin protects dopaminergic 
neurons and improves neurobehavioral outcomes in juvenile rats af-
ter neonatal hypoxia-ischemia. Pediatr Res 2005;58:297-301.

González-Hernández T, Rodríguez M. Compartmental organization and 
chemical profile of dopaminergic and GABAergic neurons in the sub-
stantia nigra of the rat. J Comp Neurol 2000;421:107-135.

Haavik J, Toska K. Tyrosine hydroxylase and Parkinson’s disease. Mol 
Neurobiol 1998;16:285-309.

Ikeda T, Mishima K, Yoshikawa T, Iwasaki K, Fujiwara M, Xia YX, Ikenoue 
T. Selective and long-term learning impairment following neonatal 
hypoxic-ischemic brain insult in rats. Behav Brain Res 2001;118:17-25.

Jay TM. Dopamine: a potential substrate for synaptic plasticity and mem-
ory mechanisms. Prog Neurobiol 2003;69:375-390.

Kim YM, Ju ES, Yoon SJ, Yoon JH. Sudden detraining deteriorates swim-
ming training-induced enhancement of short-term and spatial learn-
ing memories in mice. J Exer Rehabil 2013;9:243-249.

Klawitter V, Morales P, Bustamante D, Gomez-Urquijo S, Hökfelt T, Her-
rera-Marschitz M. Plasticity of basal ganglia neurocircuitries following 
perinatal asphyxia: effect of nicotinamide. Exp Brain Res 2007;180:139-
152.

Li W, Yang Y, Ye Q, Yang B, Wang Z. Effect of chronic and acute low-fre-
quency repetitive transcranial magnetic stimulation on spatial memo-
ry in rats. Brain Res Bull 2007;71: 493-500.

Lubics A, Reglodi D, Tamás A, Kiss P, Szalai M, Szalontay L, Lengvári I. 
Neurological reflexes and early motor behavior in rats subjected to 
neonatal hypoxic-ischemic injury. Behav Brain Res 2005;157:157-165.

Meng S, Qiao M, Scobie K, Tomanek B, Tuor UI. Evolution of magnetic 
resonance imaging changes associated with cerebral hypoxia-ischemia 
and a relatively selective white matter injury in neonatal rats. Pediatr 
Res 2006;59:554-559.

Nelson EL, Liang CL, Sinton CM, German DC. Midbrain dopaminergic 
neurons in the mouse: computer-assisted mapping. J Comp Neurol 



http://dx.doi.org/10.12965/jer.130053

Park C-Y, et al.  •  Treadmill exercise ameliorates spatial learning impairment 

412    http://www.e-jer.org

1996;369:361-371.
Nicola SM, Surmeier J, Malenka RC. Dopaminergic modulation of neuro-

nal excitability in the striatum and nucleus accumbens. Annu Rev Neu-
rosci 2000;23:185-215.

Obenaus A, Ashwal S. Magnetic resonance imaging in cerebral ischemia: 
focus on neonates. Neuropharmacology 2008;55:271-280.

O’Callaghan RM, Ohle R, Kelly AM. The effects of forced exercise on hip-
pocampal plasticity in the rat: A comparison of LTP, spatial- and non- 
spatial learning. Behav Brain Res 2007;176:362-366. 

Oo TF, Henchcliffe C, Burke RE. Apoptosis in substantia nigra following 
developmental hypoxic-ischemic injury. Neuroscience 1995;69:893-901.

Rice JE 3rd, Vannucci RC, Brierley JB. The influence of immaturity on hy-
poxic-ischemic brain damage in the rat. Ann Neurol 1981;9:131-141.

Russell VA. Dopamine hypofunction possibly results from a defect in glu-
tamatestimulated release of dopamine in the nucleus accumbens shell 
of a rat model for attention deficit hyperactivity disorder-the sponta-
neously hypertensive rat. Neurosci Biobehav Rev 2003;27:671-682.

Seo TB, Cho HS, Shin MS, Kim CJ, Ji ES, Baek SS. Treadmill exercise im-
proves behavioral outcomes and spatial learning memory through 
up-regulation of reelin signaling pathway in autistic rats. J Exer Reha-
bil 2013;9:220-229.

Singh V, Carman M, Roeper J, Bonci A. Brief ischemia causes long-term 
depression in midbrain dopamine neurons. Eur J Neurosci 2007;26: 
1489-1499.

Strackx E, van den Hove DL, Steinbusch HP, Prickaerts J, Vles JS, Blanco 
CE, Steinbusch HW, Gavilanes AW. Fetal asphyxia leads to a decrease 
in dorsal raphe serotonergic neurons. Dev Neurosci 2008;30:358-366.

Sullivan RM, Brake WG. What the rodent prefrontal cortex can teach us 
about attention-deficit/hyperactivity disorder: the critical role of early 
developmental events on prefrontal function. Behav Brain Res 2003; 
146:43-55.

Sung YH, Kim SC, Hong HP, Park CY, Shin MS, Kim CJ, Seo JH, Kim DY, 
Kim DJ, Cho HJ. Treadmill exercise ameliorates dopaminergic neuro-
nal loss through suppressing microglial activation in Parkinson’s dis-
ease mice. Life Sci 2012;91:1309-1316.

Sutoo D, Akiyama K. Regulation of brain function by exercise. Neurobiol 
Dis 2003;13:1-14.

Swain RA, Harris AB, Wiener EC, Dutka MV, Morris HD, Theien BE, Kon-
da S, Engberg K, Lauterbur PC, Greenough WT. Prolonged exercise 
induces angiogenesis and increases cerebral blood volume in primary 
motor cortex of the rat. Neuroscience 2003;117:1037-1046.

Vasuta C, Caunt C, James R, Samadi S, Schibuk E, Kannangara T, Titter-
ness AK, Christie BR. Effects of exercise on NMDA receptor subunit 
contributions to bidirectional synaptic plasticity in the mouse dentate 
gyrus. Hippocampus 2007;17:1201-1208.

Yasuhara T, Hara K, Maki M, Matsukawa N, Fujino H, Date I, Borlongan 
CV. Lack of exercise, via hindlimb suspension, impedes endogenous 
neurogenesis. Neuroscience 2007;149:182-191.


