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of antioxidant enzymes and leads to a significant reduction in

brain damage and neurological deficits in rats subjected to tran�

sient middle cerebral artery occlusion. However, it has not been

established whether relatively short�term exercise generates

similar results following middle cerebral artery occlusion. We

aimed to determine whether short�term exercise could reduce

oxidative damage and prevent sensori�motor dysfunction. Male

Wistar rats were subjected to perform daily exercise on a treadmill

for 30 min at a speed of 15 m/min for 3 weeks, followed by a 90�

min middle cerebral artery occlusion. Animals were assessed after

middle cerebral artery occlusion for neurological deficits and sen�

sori�motor function. Brain tissues were processed to evaluate

infarct volume and oxidative damage. Oxidative stress was

assessed using immunohistochemistry for 4�hydroxy�2�nonenal�

modified proteins and 8�hydroxy�2'�deoxyguanosine. Antioxidant

enzymes were evaluated using immunohistochemistry for thiore�

doxin and activity assay for superoxide dismutase. Exercise for 3

weeks decreased the severity of paralysis and impairment in fore�

limb motor coordination. Furthermore, exercise had effect on

superoxide dismutase and reduced the infarct volume and the

number of cells immunopositive for 4�hydroxy�2�nonenal�modified

proteins and 8�hydroxy�2'�deoxyguanosine. Our results suggest

that pre�conditioning treadmill exercise for 3 weeks is useful for

ameliorating ischemia�induced brain injury.
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IntroductionBrain infarction ranks as the third-leading cause of death in
Western countries.(1) Therefore, major efforts on prevention

should be focused on modifiable risk factors, which, among
others, include physical inactivity.(2)

Oxidative stress induced by reactive oxygen species exacer-
bates histological damage during brain ischemia-reperfusion.
During this process, each component of the cell is damaged, as
revealed by an increase in cells with immunopositivity for 4-
hydroxy-2-nonenal-modified proteins (HNE-modified proteins, a
marker for lipid peroxidation) and 8-hydroxy-2'-deoxyguanosine
(8-OHdG, a marker for oxidative DNA damage) in the ischemic
brain.(3–6) Previous studies have reported that infarct volume was
larger in thioredoxin (TRX)-deficient mice compared with wild-
type mice.(7) These reports indicate that oxidative stress is closely

associated with adverse effects on ischemic brain tissue.
Long-term exercise enhances antioxidant activities in the

brain.(8) It was reported that adequate training results in lower
levels of free radicals,(9) thus lowering peroxidation levels of
lipids or proteins in the rat brain.(10) Furthermore, regular exercise
for 7.5 to 8 weeks increased the levels of antioxidant enzymes,
such as superoxide dismutase (SOD), glutathione peroxidase, or
TRX.(11–13) These findings suggest that long-term exercise prevents
oxidative stress by increasing antioxidant action.

Pre-conditioning exercise for 2 to 4 weeks prior to stroke was
reported to significantly reduce brain damage and neurological
deficits in the transient middle cerebral artery occlusion (MCAO)
model in rats.(14–16) However, it remains unknown whether rela-
tively short term exercise can enhance antioxidant activities in the
brain. Thus, we aimed to study whether short-term exercise can
reduce oxidative stress following MCAO.

Materials and Methods

Animals. We used 35 male Wistar rats (5 weeks old, Japan
SLC, Hamamatsu, Japan), weighing 120–140 g. Animals were
housed at 25°C with a 12 h light/dark cycle, with food (CE-2,
CLEA Japan, Tokyo, Japan) and water available ad libitum
throughout the experimental protocol, which is shown in Fig. 1.
Rats were randomly assigned to groups with or without treadmill
exercise (Ex). Each group was then divided into 2 subgroups;
sham operation (Sham) or MCAO. Therefore, 4 groups were
included in this study: Sham (n = 11), Ex + Sham (n = 10),
MCAO (n = 11) and Ex + MCAO (n = 10). The animal experi-
ment committee of Nagoya University Graduate School of
Medicine approved this study. All efforts were made to minimize
the number and suffering of animals used.

Treadmill exercise. Animals in the exercise groups (Ex +
Sham and Ex + MCAO) were forced to run on a motorized
treadmill at a speed of 15 m/min for 30 min every day for three
weeks, as previously described.(17) Each rat ran 450 m per day.
Animals in the no-exercise groups (Sham or MCAO) were left
on an unmoving treadmill for the same period as the exercise
groups. Body weights were measured every day to monitor each
animal’s condition. One animal was excluded from this experi-
ment because we could not train the animal to run.
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Transient middle cerebral artery occlusion model.
Twenty-four hours after exercising on the treadmill for 3 weeks,
the MCAO surgery was performed using the following method.
Animals were anesthetized using an injection of 4% chloral
hydrate (10 ml/kg, i.p.) and were given further doses as necessary
to maintain adequate anesthesia during surgery. Throughout the
surgical procedure, rectal temperature was monitored and main-
tained at 37°C using a circulating heating pad. Rats were subjected
to a 90-min left-MCA occlusion using an intraluminal filament,
as previously described.(18) Briefly, a monofilament (4-0 nylon
suture, with a blunted tip and 16 mm in length) was inserted
through the left common carotid artery (CCA) and passed up into
the lumen of the internal carotid artery (ICA) into the intracranial
circulation and finally lodged into the narrow proximal anterior
cerebral artery, thus blocking the MCA at its origin. Following
90 min of MCA occlusion, reperfusion was established by with-
drawing the filament. For the sham operation, the left CCA and the
ICA were exposed following general anesthesia, as for the stroke
induction, but the MCA was not occluded. All of the animals were
then placed in a warm environment until fully recovered from the
anesthesia.

Neurological and sensori�motor function assessments.
Neurological and sensori-motor function assessments were per-
formed 24 h after the reperfusion.
Neurological deficits. Neurological deficits were scored using a
modified scoring system developed by Zea Longa et al.(18) as
follows: 0) no deficits, failure to extend left forepaw fully; 1)
mild, unable to extend the contralateral forelimb; 2) moderate,
circling to the left; 3) severe, falling to the left; and 4) severe,
unable to walk spontaneously, with a depressed level of con-
sciousness.
Beam walking test. Rats were tested for beam-walking ability
using their hind limbs by traversing a beam (2.4 cm-wide; 80 cm-
long).(19) Briefly, performance was graded as 0) rat fell off the
beam within 10 s; 1) rat remained on the beam for more than 10 s
but could not place the affected limb on the beam; 2) rat was
unable to cross but could place the affected limb on the beam
and maintain balance; 3) rat traversed beam while dragging the
affected limb; 4) rat crossed the beam and placed the affected
limb on the beam at least once; 5) rat crossed with more than 50%
foot slips with the affected limb; 6) rat crossed with fewer than
50% foot slips with affected limb; or 7) rat crossed with 2 or fewer
foot slips. Animals were trained three times per day for 3 days
prior to the surgery. Their performance was expressed as a mean
score of three trials.
Ladder test. The ladder test was performed to quantitatively
examine forelimb grip function and coordination.(20) Rats were
trained to cross a 1 m-long horizontal ladder, which was set at
30 cm above the ground. Rungs were set irregularly; the distance

between rungs varied from 1 to 5 cm. The test was conducted three
times per rat. All tests were video recorded and evaluated using a
scoring system as follows: 0) total miss, deep fall after limb
missed the rung; 1) deep slip, deep fall after the limb slipped
off the rung; 2) slight slip, slight fall after the limb slipped off
the rung; 3) replacement, the limb was replaced from one rung to
another; 4) correction, the limb aimed for one rung but was placed
on another or the limb position on the same rung was corrected;
5) partial placement, the limb was placed on the rung at the
position of either the digits or wrist; and 6) correct placement, the
midportion of the limb was placed on the rung.(20) For the analysis,
the success rate (ratio of 6 points for all steps) and fall rate (ratio
of points 0, 1, 2 for all steps) were quantified from three trials and
then averaged. Animals were trained three times per day for 3 days
prior to surgery.
Limb placing test. Limb placing, an evaluation of sensori-motor
function, is used to test whether a rat responds to sensory stimula-
tion with forelimb placement. Rats were tested as described
previously, with some modifications.(21) Briefly, visual placing in
the forward and sideways directions, tactile placing of the dorsal
and lateral paw surfaces and proprioceptive placing of the fore-
limb or hindlimb were tested. When normal rats receive visual,
tactile or proprioceptive stimulation at one edge of the table,
they reach, stretch and place both forepaws on the table top. For
each test, limb placing scores were 0, no placing; 1, incomplete
and/or delayed (>2 s) placing including interspersed flailing; or 2,
immediate and complete placing. The performance was expressed
as the sum of the scores of the individual tests ranging from 0
(maximum deficit) to 12 (no deficit).

Infarct volume. Twenty-four hours after surgery, the animals
were placed under deep anesthesia using 4% chloral hydrate
(10 ml/kg, i.p.) and perfused transcardially with 0.9% saline. The
brain was removed carefully and immediately cut into six 2-mm-
thick coronal sections from its frontal apex, using a brain slicer.
The fresh brain slices were then immersed in a solution of 2,3,5-
triphenyltetrazolium chloride (TTC, 2% in saline) at 37°C for
5 min. The TTC-stained sections were used to determine the
infarct volume in the ischemic rat brain. The infarct region was
defined as the area with reduced or no staining. To minimize
the error introduced by edema, an indirect method for calculating
infarct volume was used.(22) Infarct volume was calculated using
the following formula: corrected percentage of infarct volume =
100 × (contralateral hemispheric volume - ipsilateral non-infarcted
volume) / contralateral hemispheric volume.

Immunohistochemical analyses. The above-mentioned
TTC-stained sections were fixed immediately in 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C overnight,
dehydrated, embedded in paraffin, and processed for immuno-
histochemical analyses. Coronal sections (5 µm) were processed

Fig. 1. Experimental protocol. Animals in the exercise groups (Ex + Sham, exercise and sham operation; Ex + MCAO, exercise and transient middle
cerebral artery occlusion) were forced to run on a motorized treadmill at a speed of 15 m/min for 30 min each day for 3 weeks prior to surgery.
Neurological and motor function assessments were examined at 24 h after reperfusion, and the brains were then removed for histological
assessments.
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to assess whether exercise affected oxidative stress and the anti-
oxidant protein after MCAO. Immunohistochemistry for HNE-
modified proteins and for 8-OHdG was performed to evaluate
oxidative stress, and TRX was selected as an antioxidant protein.
The avidin-biotin complex method was used. Paraffin-embedded
sections were de-waxed in xylene for 20 min and then rehydrated
in decreasing concentrations of ethanol (100%, 90% and 70%) for

5 min at each concentration. Immunosaver (Nissin EM, Tokyo,
Japan) was used for antigen retrieval (98°C for 45 min). Immuno-
histochemical analyses were performed using mouse monoclonal
antibodies for HNE-modified proteins (HNE-J-2), 8-OHdG
(N45.1) or a rabbit polyclonal antibody for TRX, as previously
described.(23–25) Two sections, at 0.3 mm and 3.8 mm caudal to the
bregma, were selected. Ten defined areas (1.4 mm × 1.0 mm) of

Fig. 2. Neurological deficits and sensori�motor functions. Neurological deficits and sensori�motor functions at 24 h after MCAO. Neurological
deficits (A), beam walking (B), success rate (C) and fall rate (D) of the ladder test, and limb placing (E). Neurological deficits and the ladder test were
significantly improved in the Ex + MCAO group when compared with the MCAO group. Beam walking and limb placing deficits were not different
between groups. Values represent the mean ± SEM. **p<0.01 vs MCAO, Mann�Whitney U test; *p<0.05 vs MCAO, Student’s t test.
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the bilateral somato-sensory cortex (5 areas per hemisphere) of
each section were evaluated. We counted cells positive for HNE-
modified proteins or 8-OHdG and also quantified the density, in
gray scale, of TRX-stained sections, using a computer-assisted
image analyzer (BioRevo BZ-9000, Keyence, Osaka, Japan).

SOD activity assay. SOD activity of Sham groups (Ex +
Sham: n = 3, Sham: n = 4) was quantified to evaluate antioxidant
enzyme activity. Twenty-four hrs after exercising on the treadmill
for three weeks, the animals were placed under deep anesthesia
and perfused transcardially with 0.9% saline. Left somato-sensory
cortex was removed and assayed SOD activity using SOD assay
kit- WST (Dojindo, Kumamoto, Japan).

Statistical analysis. Statistical analyses were performed
using SPSS for Windows, ver. 16.0 (SPSS Inc., Chicago, IL).
Mann-Whitney U tests were used to analyze neurological deficits,
beam walking and limb placing. Student’s t tests were used for
ladder test, infarct volume and SOD activity comparisons. For the
statistical analysis of immunopositive cell numbers and gray scale,
one-way ANOVAs followed by Tukey’s post-hoc tests were used.
All data are the mean ± SEM, and the criterion for significance
was set at p<0.05.

Results

The body weights of all the animals increased gradually until
surgery and decreased thereafter, with no significant differences
between groups.

Neurological and sensori�motor functions. Neurological
deficits were significantly ameliorated in the Ex + MCAO group
(n = 11) compared with the MCAO only group (n = 10) at 24 h
after MCA occlusion (Ex + MCAO: 0.8 ± 0.2, MCAO: 1.8 ± 0.3,

p<0.01, Fig. 2A). There was no difference in beam walking
deficits between groups (Ex + MCAO: 2.5 ± 1.5, MCAO: 4.2 ±
1.4, Fig. 2B). The success rate in the ladder test was significantly
improved in the Ex + MCAO group compared with the MCAO
group (Ex + MCAO: 50.6 ± 9.6%, MCAO: 34.3 ± 10.0%, p<0.05,
Fig. 2C), and the fall rate showed a similar pattern (Ex + MCAO:
13.9 ± 5.5%, MCAO: 28.4 ± 9.7%, p<0.05, Fig. 2D). There were
no differences between groups in the limb placing test
(Ex + MCAO: 5.4 ± 1.2, MCAO: 3.1 ± 1.7, Fig. 2E).

Infarct volume. The infarct volume in the Ex + MCAO
group was decreased significantly when compared with the
MCAO only group (Ex + MCAO: 23.1 ± 1.7%, MCAO: 29.8 ±
3.3%, p<0.05, Fig. 3). The infarct lesion included primarily the

Fig. 4. The number of cells positive for HNE�modified proteins. Photomicrographs showing cells containing 4�hydroxy�2�nonenal (HNE)�modified
proteins. Immunohistochemistry in the sensory cortex at 24 h after MCAO. MCAO group (A, D); Ex + MCAO group (B, E); the number of cells positive
for HNE�modified proteins in the sensory cortex (C, F) (Scale bar in E; 200 µm). Ipsilateral (A, B, C); contralateral cortex (D, E, F). Graphs indicate a
significant reduction in the number of cells positive for HNE�modified proteins in the Ex + MCAO group. Values represent the mean ± SEM. $$p<0.01
vs Sham, ##p<0.01 vs Ex + Sham, **p<0.01 vs Ex + MCAO, One�way factorial ANOVA followed by Tukey’s post hoc test.

Fig. 3. Infarct volume. Infarct volume of all groups, indicating a
significant reduction in brain damage in the Ex + MCAO group. Values
represent the mean ± SEM. *p<0.05 vs MCAO, Student’s t test.
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forelimb and barrel regions of the somatosensory and visual
cortex, and when the animals had larger infarctions, it extended
further through the trunk area of the somatosensory or auditory
cortex or striatum.

Oxidative stress and antioxidant enzymes.
Oxidative stress. In the ipsilateral cortex, the number of HNE-
modified proteins or 8-OHdG-positive cells was increased
markedly by MCAO occlusion (p<0.01). Pre-conditioning
exercise suppressed these increases significantly (p<0.01, Fig. 4C
and 5C). In the contralateral cortex, the number of these cells
in the MCAO only group was significantly higher than in the
three other groups (p<0.001, Fig. 4F and 5F).
Antioxidant enzymes. There were no significant differences in
TRX gray scale integration in either the ipsilateral or contralateral
cortex between groups (Fig. 6). On the other hand, SOD activity in
the Ex + Sham group was significantly higher than in the Sham
group (p<0.05, Fig. 7).

Discussion

In this study, we asked whether a pre-conditioning exercise
program for three weeks could reduce brain oxidative stress and
sensori-motor dysfunction after MCAO and reperfusion. Our data
revealed that treadmill exercise attenuated motor dysfunction and
ameliorated brain damage, consistent with previous studies.(15–17)

In addition to reducing the infarct volume, treadmill exercise
decreased the number of cells immunopositive for HNE-modified
proteins and 8-OHdG in the somatosensory cortex of both
hemispheres. These findings suggest that aerobic pre-conditioning
exercise for three weeks ameliorates motor dysfunction and brain
damage, and these improvements were closely associated with a

reduction in oxidative brain damage.
Our exercise conditions were 15 m/min, as described pre-

viously,(17) every day for 3 weeks. The efficacy of different periods
of exercise has varied. Exercise for 1 week did not induce protec-
tion, but exercise for more than 2 weeks did.(26) These results
suggest that a few weeks of exercise are necessary to obtain
protection. Therefore, the training term in this study would be
sufficient to induce this effect. With regard to running speed,
previous studies reported that the mean anaerobic threshold was
26.4 ± 3.75 m/min (with a 10% incline of the treadmill) in normal
rats.(27) Accordingly, our speed enabled aerobic exercise in our
animals. Moreover, this protocol induced less stress because
there was no difference in weight between groups. Thus, treadmill
exercise at a speed of 15 m/min for 3 weeks produced a protective
effect following MCAO without inducing excessive stress.

To evaluate motor function in detail, we used not only neuro-
logical deficits but also beam walking, the ladder test and limb
placing. Our results showed that neurological deficits and ladder
test deficits after MCAO were improved by the pre-conditioning
exercise. It has been previously reported that the severity of
paralysis (neurological deficits) and impairment in forelimb
motor coordination (Grid-walking test) were correlated with
infarct volume.(28) Furthermore, suppression of oxidative stress by
exercise improved the functional behavioral score by maintaining
normal cell function because oxidative stress evokes cell dysfunc-
tion even if it is not lethal to the cells. Therefore, pre-conditioning
exercise is likely to improve not only the severity of paralysis but
also the impairment in forelimb motor coordination after MCAO.

This study is the first report to examine the effect of three
weeks of pre-conditioning exercise on oxidative stress following
MCAO. Previous study has reported no change in oxidative stress

Fig. 5. The number of 8�OHdG�positive cells. Photomicrographs showing 8�hydroxy�2'�deoxyguanosine (8�OHdG) positive cells. Immunohisto�
chemistry in the sensory cortex at 24 h after MCAO. MCAO group (A, D); Ex + MCAO group (B, E); the number of 8�OHdG�positive cells in the sensory
cortex (C, F) (Scale bar in E; 200 µm). (A, B, C) ipsilateral; (D, E, F) contralateral cortex. Graphs indicate a significant reduction in the number of 8�
OHdG�positive cells in the Ex + MCAO group. Values represent the mean ± SEM. $p<0.05 vs Sham, $$p<0.01 vs Sham, ##p<0.01 vs Ex + Sham, *p<0.05
vs Ex + MCAO, **p<0.01 vs Ex + MCAO, One�way factorial ANOVA followed by Tukey’s post hoc test.
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following regular exercise in normal rats,(29) whereas other has
demonstrated that exercise inhibited a stress-induced increase in
lipid peroxidation in restraint-stressed mice.(10) In this study, we
confirmed that there was no exercise-induced change in oxidative
stress in the Sham group, but exercise inhibited the ischemia-
induced increase in lipid and DNA oxidation. These results
indicate that exercise inhibits the event that induces the oxidative
stress. In addition, we showed inhibition of oxidative stress in the
contralateral cortex, which is likely to prevent indirect damage.
Because the contralateral hemisphere to ischemia engages motor
function on the ipsilateral side, this protection may contribute to
the functional improvement.

In contrast, opposing data show that exercise increases oxida-
tive stress, e.g., 2,3-dihydroxybenzonic acid was increased fol-
lowing a one-shot treadmill exercise (20 m/min,for 15 min).(30)

This report indicated that a single exercise bout was insufficient to
enhance antioxidant action and instead increased oxidative stress.
Because there were no significant differences in the number of
cells immunopositive for HNE-modified proteins or 8-OHdG
between the Sham group and Ex + Sham group, the exercise
condition in this study may not increase oxidative stress.

We showed that the levels of thioredoxin did not change with
exercise. It was probably because we measured TRX using a semi-
quantitative method, with gray scale integration of immuno-
histochemical staining. However, we found that significantly high
SOD activity in the Ex + Sham group. This result indicated that
exercise in our protocol enhanced SOD activity and it provided the
protective effect on oxidative damage following MCAO. We need
the further studies to confirm the total antioxidant environment
induced by our protocol.

Other factors that inhibit oxidative stress may include angio-
genesis or the exercise-induced up-regulation of neuroprotective
factors. Exercise increases mRNA levels of vascular endothelial
growth factor and angiopoietin 1/2 and then strengthens the brain
microvascular integrity in rats exposed to MCAO.(14,31) Angio-
genesis is expected to reduce oxidative stress indirectly by
ensuring cerebral blood flow during ischemia. Brain-derived
neurotrophic factor (BDNF) and endothelial NO synthase (eNOS),
which produce neuroprotective effects during stroke, were
increased following pre-conditioning exercise.(32,33) Up-regulation
of BDNF may reduce oxidative stress because BDNF improves
mitochondrial function, and mitochondria produce a large amount
of oxidative stress when exposed to ischemia.(34) eNOS provides
antioxidant action by decreasing the superoxide anion, and it also

Fig. 6. The gray scale of TRX. Photomicrographs showing thioredoxin (TRX) immunohistochemistry in the sensory cortex at 24 h after MCAO.
MCAO group (A, D); Ex + MCAO group (B, E); the gray scale of TRX in the sensory cortex (C, F) (Scale bar in E; 200 µm). (A, B, C) ipsilateral; (D, E, F)
contralateral cortex. Graphs indicate no significant differences in TRX gray scale values in either the ipsilateral or contralateral cortex between
groups. Values represent the mean ± SEM. One�way factorial ANOVA followed by Tukey’s post hoc test.

Fig. 7. SOD assay. Superoxide dismutase (SOD) assay, indicating
significant increase in the SOD activity in the Ex + Sham group. Values
represent the mean ± SEM. *p<0.05 vs Sham, Student’s t test.
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induces a vasodepressor effect during ischemia. Therefore, eNOS
may directly or indirectly inhibit oxidative stress. Accordingly,
further study is warranted to understand the mechanism under-
lying the prevention of oxidative stress following three weeks of
exercise.

In conclusion, we showed that a relatively short term exercise
program prior to brain ischemia and reperfusion enhanced anti-
oxidant activity and reduced oxidative stress in the brain. There-
fore, the pre-conditioning exercise ameliorated brain damage and
attenuated motor dysfunction following MCAO. This evidence
could help develop health promotion programs and bring clinical
benefit by preventing complications of human stroke.
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