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Perinatal hypoxic ischemia injury is a common cause of morbidity and 
mortality in neonates. Physical exercise may ameliorate neurological 
impairment by impeding neuronal loss following various brain insults. In 
the present study, the effect of treadmill exercise on sensory-motor 
function in relation with hippocampal apoptosis following hypoxic isch-
emia brain injury was investigated. Sensory-motor function was deter-
mined by walking initiation test and apoptosis was detected by terminal 
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
staining and caspase-3 immunohistochemistry. On postnatal 7 day, left 
common carotid artery of the neonatal rats was ligated for two hours 
and then the neonatal rats were exposed to hypoxia conditions for one 

hour. The rat pups in the exercise groups were forced to run on a mo-
torized treadmill for 30 min once a day for 10 days, starting 22 days after 
induction of hypoxic ischemia brain injury. Hypoxic ischemia caused 
sensory-motor disturbance with enhancement of apoptosis in the hip-
pocampus. Short-term treadmill exercise suppressed hypoxic ischemia 
injury-induced apoptosis in the hippocampus, and preserved senso-
ry-motor function of hypoxic ischemia injury rat pups.
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INTRODUCTION

Perinatal hypoxic ischemia injury is a serious problem and a 
common cause of morbidity and mortality in neonates. (Lubics et 
al., 2005). Perinatal exposure to hypoxic ischemia brain injury in-
duces long-term neurological deficits (Jansen and Low, 1996), de-
velopmental disability (Dammann and Leviton, 1997), epilepsy 
and mental retardation (Papazisis et al., 2007), and long-term im-
pact on intellectual function in children (Rennie et al., 2007). 

Several interventions for the hypoxic ischemia have been sug-
gested such as erythropoietin (Kim et al., 2008), fluoxetine (Chang 
and Huang, 2006), and hypothemia (Covey and Oorschot, 2007). 

The underlying mechanisms for the inhibition on hypoxic isch-
emia brain injury focused on the suppressing apoptosis (Parikh et 
al., 2003) and antagonizing N-methyl-D-aspartate (NMDA) re-
ceptor (Garcia de Arriba et al., 2006). Apoptosis is known as the 
forms of programmed cell death, and inhibition on apoptosis has 
been repeatedly proposed as a novel and promising therapeutic di-
rection for neuronal rescue following neonatal hypoxic ischemia 
injury or stroke (Northington et al., 2005). 

The hippocampus is noted as the particularly susceptible brain 
area to hypoxic, ischemic, and asphyctic brain injury (Scheepens 
et al., 2003). Hippocampus plays important roles in memory and 
spatial navigation. It has been suggested that physical exercise 
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may ameliorate neurological impairment by impeding neuronal 
loss following various brain insults (Kim et al., 2007; Lee et al., 
2005). Treadmill exercise inhibits hippocampal apoptosis (Yoon 
et al., 2007), and improves short-term memory (Sim et al., 2005). 

However, the effect of treadmill exercise on sensory-motor func-
tion in relation with hippocampal apoptosis following hypoxic 
ischemia brain injury is currently unknown. For this, sensory-mo-
tor function was determined by walking initiation test and apop-
tosis was detected by terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling (TUNEL) staining and caspase-3 
immunohistochemistry using rats.

MATERNAL AND METHODS

Animals and treatments
The experimental procedures were performed in accordance 

with the animal care guidelines of National Institutes of Health 
(NIH) and Korean Academy of Medical Sciences. Rat pups were 
housed under the controlled temperature (20±2°C) and main-
tained in light-dark cycles, each cycle consisting of 12 h of light 
and 12 h of darkness (lights on from 07:00 h to 19:00 h). Food and 
water were made available ad libitum. Seven-day-old Sprague-Daw-
ley rats, of both sex, weighing 10-15 g, were used for the experi-
ments. This age is approximately equivalent to the 34-weeks old 
in human infants. The animals were divided into the four groups 
(n=10 in each group): the sham-operation group, the sham-oper-
ation and exercise group, the hypoxic ischemia-induction group, 
and the hypoxic ischemia-induction and exercise group.

Induction of hypoxic ischemia brain injury
For the induction of hypoxic ischemia brain injury, a well-es-

tablished model of perinatal brain damage was used (Rice et al., 
1981). In this experimental procedure, brain injury is largely re-
stricted to the cerebral hemisphere ipsilateral to the left common 
carotid artery occlusion (Vannucci et al., 1999).

On postnatal day 7, ischemia was induced by ligation of left 
common carotid artery. The neonatal rats were anaesthetized with 
diethyl ether and the midline of the neck was incised at the longi-
tudinal plane. The left common carotid artery was exposed, dis-
sected from the vagus nerve and doubly ligated with 4-0 silk su-
ture to ensure cessation of blood flow. Total time of surgery was < 
8 min. The rats were then allowed to recover with their dams, and 
two hours after surgery they were exposed to a hypoxia condition 
(8% oxygen, 92% nitrogen) for one hour by placing them in an 
airtight plastic box which was provided a 7°C stable thermal en-

vironment. 
For the neonatal rats in the sham-operation group and in the 

sham-operation and exercise group, surgical incision was conduct-
ed without ligation and exposure to hypoxic condition was de-
ducted. After exposure to hypoxia condition, the 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 10 consecutive days, 
starting 22 days after induction of hypoxic ischemia brain injury. 
The exercise load consisted of running at 2 meters/min, at 0 de-
gree of inclination. This exercise regimen is a light-intensity exer-
cise (Kim et al., 2004). The rat pups in the non-exercise groups 
were left in treadmill without running for the same period as the 
exercise groups. 

Walking initiation test
This test assesses sensory-motor function after brain injury in 

rats (Lubics et al., 2005). The rats were placed on a horizontal sur-
face in the center of two concentric circles with diameters of 20 cm 
and 60 cm. The time taken to move off the circles was recorded.

Tissue preparation
The rats were sacrificed after last exercise. At the beginning of 

the sacrificial procedure, the animals were weighed and overdosed 
with Zoletil 50® (10 mg/kg, i.p.; Vibac Laboratories, Carros, France). 
After a complete lack of response was observed, the rats were tran-
scardially perfused with 50 mM phosphate-buffered saline (PBS), 
and then with 4% paraformaldehyde in 100 mM phosphate buffer 
(PB) at pH 7.4. The brains were dissected, postfixed in the same 
fixative overnight, and transferred into a 30% sucrose solution for 
cryoprotection. Serial coronal sections of 40 µm thickness were 
made using a freezing microtome (Leica, Nussloch, Germany).

TUNEL staining
For visualization of DNA fragmentation, a marker of apoptotic 

cell death, TUNEL staining was performed using In Situ Cell 
Death Detection Kit® (Roche, Mannheim, Germany) according 
to the manufacturer’s protocol (Ji et al., 2013; Sim et al., 2005). 
To begin the procedure, the sections were post-fixed in ethanol-
ace tic acid (2:1) and rinsed. Then the sections were incubated with 
proteinase K (100 μg/mL), rinsed, incubated in 3% H2O2, perme-
abilized with 0.5% Triton X-100, rinsed again, and incubated in 
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TUNEL reaction mixture. The sections were rinsed and visualized 
using Converter-POD with 0.02% 3,3´-diaminobenzidine (DAB). 
Mayer’s hematoxylin (DAKO, Glostrup, Denmark) was used for 
counter-staining, and the sections were finally mounted onto gel-
atin-coated slides. The slides were air dried overnight at room 
temperature, and coverslips were mounted using Permount®. 

Caspase-3 immunohistochemistry
For visualization of the caspase-3 expression, caspase-3 immu-

nohistochemistry was performed as previously described (Cho et 
al., 2013; Ji et al., 2013). The brain sections were incubated over-
night with mouse anti-caspase-3 antibody (1:500; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) and then for another 1 h 
with the biotinylated mouse secondary antibody. The bound sec-
ondary antibody was then amplified with Vector Elite ABC kit 
(Vector Laboratories, Burlingame, CA, USA). The antibody-bio-
tin-avidin-peroxidase complexes were visualized using 0.02% 
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 Permount®.

Data analyses
The area of the granular layer of the dentate gyrus was measured 

using Image-Pro®Plus image analyzer (Media Cybernetics Inc., 
Silver Spring, MD, USA). The numbers of TUNEL-positive and 
caspase-3-positive cells were counted hemilaterally in each section 

and expressed as number of cells per mm2 of the cross-sectional 
area of the granular layer of the dentate gyrus. All data were ana-
lyzed using the statistical software SPSS (version 12.0). The data 
are expressed as the mean±standard error of the mean (SEM). For 
the comparison among the groups, one-way ANOVA and Dun-
can’s post-hoc test were performed and differences were considered 
statistically significant at P<0.05. 

RESULTS

Effect of short-term treadmill exercise on sensorimotor 
function in the 20 cm and 60 cm walking initiation test

The latency time of 20 cm walking initiation test was 1.29±  
0.47 sec in the sham-operation group, 0.54±0.07 sec in the sh-
am-operation and exercise group, 2.81±0.62 sec in the hypoxic 
ischemia-induction group, and 1.53±0.25 sec in the hypoxic 
ischemia-induction and exercise group (Fig. 1, left panel). The la-
tency time of 60 cm walking initiation test was 4.36±0.36 sec in 
the sham-operation group, 2.27±0.69 sec in the sham-operation 
and exercise group, 9.71±2.48 sec in the hypoxic ischemia-in-
duction group, and 4.57±0.90 sec in the hypoxic ischemia-in-
duction and exercise group (Fig.1, right panel). The time taken to 
move off a circle of 20 and 60 cm in diameter was decreased by 
induction of hypoxic ischemia brain injury, on the other hand, the 
time was increased by treadmill exercise (Fig. 1).

Fig. 1. Effect of short-term treadmill exercise on sensori-motor dunction. (Left) Latency in the 20 cm walking initiation test. (Right) Latency in the 60 cm walking initia-
tion test. The data are presented as the mean± standard error of the mean (SEM). *represents P< 0.05 compared to the sham-operation group. #P< 0.05 compared to 
the hypoxic ischemia-induction group. (A) Sham-operation group, (B) sham-operation and exercise group, (C) hypoxic ischemia-induction group, (D) hypoxic ischemia-in-
duction and exercise group.
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Effect of short-term treadmill exercise on the DNA 
fragmentation in the hippocampal dentate gyrus

The number of TUNEL-positive cells in the hipppocampal den-
tate gyrus was 4.31±1.20/mm2 in the sham-operation group, 
11.98±1.88/mm2 in the sham-operation and exercise group, 41.11 
±5.83/mm2 in the hypoxic ischemia-induction group, and 24.25 
±2.30/mm2 in the hypoxic ischemia-induction and exercise group. 
Induction of hypoxic ischemia brain injury increased DNA frag-
mentation in the hippocampal dentate gyrus, on the other hand, 
DNA fragmentation was reduced by treadmill exercise (Fig. 2). 

Effect of short-term treadmill exercise on the caspase-3 
expression in the hippocampal dentate gyrus

The number of caspase-3-positive cells in the hippocampal den-
tate gyrus was 21.46±6.60/mm2 in the sham-operation group, 
47.85±8.36/mm2 in the sham-operation and exercise group, 
306.55±33.65/mm2 in the hypoxic ischemia-induction group, 
and 211.04±25.35/mm2 in the hypoxic ischemia-induction and 
exercise group. Induction of hypoxic ischemia brain injury in-
creased caspase-3 expression in the hippocampal dentate gyrus, on 
the other hand, caspase-3 expression was reduced by treadmill ex-

Fig. 2. Effect of short-term treadmill exercise on DNA fragmentation in the 
dentate gyrus. (Upper) Photomicrographs of terminal transferase-mediated 
dUTP nick end lebeling (TUNEL)-positive cells. The scale bar represents 25 μm. 
(Lower) Number of TUNEL-positive cells in each group. The data are presented 
as the mean± standard error of the mean (SEM). *represents P< 0.05 com-
pared to the sham-operation group. #P< 0.05 compared to the hypoxic isch-
emia-induction group. (A) Sham-operation group, (B) sham-operation and exer-
cise group, (C) hypoxic ischemia-induction group, (D) hypoxic ischemia-induc-
tion and exercise group.
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Fig. 3. Effect of short-term treadmill exercise on caspase-3 expression in the 
dentate gyrus. (Upper) Photomicrographs of caspase-3-postive cells. The scale 
bar represents 25 μm. (Lower) Number of caspase-3-postive cells in each group. 
The data are presented as the mean± standard error of the mean (SEM). *rep-
resents P< 0.05 compared to the sham-operation group. #P< 0.05 compared to 
the hypoxic ischemia-induction group. (A) Sham-operation group, (B) sham-op-
eration and exercise group, (C) hypoxic ischemia-induction group, (D) hypoxic 
ischemia-induction and exercise group.
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ercise (Fig. 3). 

DISCUSSION

Hypoxic ischemia has been comprehensively studied since the 
1950s and sporadically before this time (Golan and Huleihel, 
2006). However the mechanisms responsible for the extensive 
neurodegeneration which occurs after hypoxia ischemia brain in-
jury during brain development are not completely understood 
(Carloni et al., 2007). It is known that brain injury during the 
neonatal stage is caused, at least partly, by apoptosis (Gill, 2002; 
Nakajima et al., 2000; Zhao et al., 2007). 

We focused on the anti-apoptotic effect of exercise. The present 
study demonstrated that induction of hypoxic ischemia enhanced 
DNA fragmentation and caspase-3 expression in the hippocam-
pus, demonstrating that hypoxic ischemia injury-induced apop-
totic neuronal cell death. Meanwhile short-term treadmill exercise 
suppressed hypoxic ischemia-induced DNA fragmentation and 
inhibited caspase-3 expression in the hippocampus, representing 
that short-term treadmill exercise showed inhibiting effect on hy-
poxic ischemia injury induced apoptotic neuronal cell death. TU-
NEL-positive cells represent apoptotic cell death and caspase-3 is 
one of the key executors of apoptosis (Cho et al., 2013; Ji et al., 
2013). Consistent with other studies (Lee et al., 2005; Sim et al., 
2005), short-term treadmill exercise also ameliorated apoptotic 
neuronal cell death caused by hypoxic ischemia brain injury. 

In the present study, sensory-motor function in the walking 
initiation test was deteriorated by induction of hypoxic ischemia. 
Meanwhile short-term treadmill exercise alleviated hypoxic isch-
emia-induced sensory-motor impairment. Numerous studies 
dealing with severe perinatal hypoxic ischemia insults have out-
lined the correlation between injury-associated cell loss and func-
tional impairments (Ten et al., 2003; Derrick et al., 2004). In pre-
vious studies, hypoxic ischemia injury displayed short-term and 
long-term learning deficits in rodents (Lubics et al., 2005; Ten et 
al., 2003; Wagner et al., 2002; Wang et al., 2002). Exercise has 
been demonstrated to enhance cognition, neuronal plasticity, ac-
tivity, and memory function (Kim et al., 2007; Sim et al., 2008; 
Stranahan et al., 2006; Vaynmanand, 2004). 

The present study showed that hypoxic ischemia brain injury 
accelerated apoptotic neuronal cell death in the hippocampus and 
resulted in the sensory-motor dysfunction. Suppressing effect of 
short-term treadmill exercise on apoptosis ameliorated hypoxic 
ischemia-induced sensory-motor dysfunction. The present study 
suggests the possibility that short-term treadmill exercise in early 

period following neonatal hypoxic ischemia brain injury may pro-
vides a useful strategy for the recovery from the brain complica-
tions caused by hypoxic ischemia brain injury. 
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