
Neurological recovery begins soon after the onset of cerebral
ischemia or hemorrhage. Despite this, about 73% of stroke
patients suffer from severe neurological disorders.1 Thus, it is
essential to use proactive rehabilitation to minimize the long-
term disabilities of stroke patients. It is well established that
rehabilitation should be conducted as early as possible after the
onset of stroke, but a standardized program has not yet been
established.2

Rehabilitation from stroke has focused mainly on functional
recovery through exercise. Several animal models of cerebral
ischemia have shown the benefits of exercise.3-5 In addition,

ABSTRACT: Objective: We examined the effects of various exercise intensities on recovery from middle cerebral artery occlusion
(MCAO) in rats. Methods: First, we administered a 120-minute left MCAO to male Sprague-Dawley rats and randomly assigned them
to one of four groups: no exercise (Group 1), mild exercise (Group 2), moderate exercise (Group 3), and severe exercise (Group 4).
Then, we trained the rats for 30 min per day for one week or two weeks. We used a five-point neurological evaluation scale to measure
neurological deficits 1-day, 4-days, 7-days, 10-days and 14-days after MCAO and measured infarct volume by use of 2% 2,3,4-
triphenyltetrazolium chloride in exercised brains. We also performed immunohistochemistry analysis of the brain to observe reactive
astrocytosis at the peri-infarct region. Results: Neurological examination indicated that Group 2 and 3 recovered better than Group 1
after one week and two weeks (p<0.05). Moreover, Group 2 and 3 had reduced brain infarct volume compared with Group 1 after one
week (p<0.05). There were no significant differences between Group 4 and Group 1. The thickness of the peri-infarct astrocytosis was
significantly reduced in Group 4 relative to Group 1 after one week. There was a significant negative correlation between the extent of
reactive astrocytosis and neurological recovery (r= -0.648, p<0.01). Conclusion: This study demonstrates that mild to moderate exercise
that begins soon after induced cerebral ischemia promotes recovery and that astrocytes may have an important role in the recovery
process.

RÉSUMÉ: L’exercice de léger à modéré favorise la récupération de l’ischémie cérébrale chez le rat. Objectif : Nous avons étudié les effets de
différentes intensités d’exercice sur la récupération après une occlusion de l’artère cérébrale moyenne (OACM) chez des rats. Méthodes : Nous avons
d’abord procédé à une OACM gauche de 120 minutes chez des rats Sprague-Dawley mâles et nous les avons répartis au hasard entre quatre groupes :
aucun exercice (groupe 1); exercice léger (groupe 2); exercice modéré (groupe 3) et exercice intensif (groupe 4). Nous leur avons ensuite fait subir un
entraînement de 30 minutes par jour pendant 1 ou 2 semaines. Nous avons utilisé une échelle d’évaluation neurologique en cinq points pour mesurer
les déficits neurologiques 1, 4, 7, 10 et 14 jours après l’OACM et nous avons mesuré le volume de l’infarctus au moyen du chlorure de 2,3,4-
triphényltétrazolium à 2%. Nous avons procédé à des analyses immunohistochimiques du cerveau pour étudier l’astrocytose réactionnelle dans la région
entourant l’infarctus. Résultats : L’examen neurologique a montré que les groupes 2 et 3 avaient mieux récupéré que le groupe 1 après une semaine et
deux semaines (p < 0,05). De plus, chez les rats des groupes 2 et 3, le volume de l’infarctus était moindre que celui des rats du groupe 1 après une
semaine (p < 0,05). Il n’y avait pas de différences significatives entre le groupe 4 et le groupe 1. L’épaisseur de l’astrocytose dans la zone entourant
l’infarctus était significativement moindre dans le groupe 4 par rapport au groupe 1 après une semaine. Il existait une corrélation négative significative
entre l’importance de l’astrocytose et la récupération neurologique (r = -0,648; (p < 0,01). Conclusion : Cette étude démontre que l’exercice d’intensité
légère à modérée, commencé tôt après une ischémie cérébrale provoquée, favorise la récupération et qu’il est possible que les astrocytes jouent un rôle
important dans le processus de récupération.
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clinical studies have reported that treadmill gait training after the
onset of stroke effectively promoted recovery.6,7 The results of
rehabilitation therapy for stroke depend on the timing and
intensity of the therapy. Some reports showed that daily activities
conducted within 24 hours of cerebral ischemia improved
functional outcome of animals with no induction of cerebral
injury.8,9 However, another report insisted that early intense
exercises that was performed soon after cerebral ischemia had
negative effects on neurological recovery.10,11 By contrast, a
recent study demonstrated that animals that performed treadmill
exercise 24 hours after the onset of cerebral ischemia showed
better neurological recovery than animals that did not exercise.12

Another study showed that animals that exercised within 24
hours of cerebral ischemia showed functional recovery with no
injury to cerebral tissues when compared with the group that
exercised seven days after cerebral ischemia.13

Based on these experimental reports, it seems that early
exercise after stroke maximizes recovery, but that excessive
exercise can delay functional recovery. Thus, therapeutic
exercise soon after a stroke requires determination of the
appropriate exercise intensity. Unfortunately, few studies have
focused on determination of appropriate exercise intensity.

The purpose of this study was to examine the effect of a two-
week duration of three different levels of exercise (mild,
moderate and severe) on recovery of rats from experimentally
induced ischemic brain damage. This study also aims to
investigate possible associations between neurological recovery
and astrocyte reactions. Our aim is to build a foundation for the
determination of the optimal exercise intensity that promotes
maximal functional recovery from stroke.

METHODS
Animals and Middle cerebral artery occlusion procedures

We used adult male Sprague-Dawley rats (Charles River,
Wilmington, MA, USA) that weighed 250-320g. Rats were
adapted for one week to our laboratory environment:
temperature 22°C, shading adjusted every 12 h, food and water
administered ad libitum. Animal care and surgical procedures
were in accordance with the guidelines of the Administrative
Panel on Laboratory Animal Care of the Seoul National
University Hospital Clinical Research Institute.

A total of 115 rats were used for experiment in this study.
Ischemic injury was induced as described by Longa et al,14

briefly described below. Intra-abdominal anesthesia was
performed using 1% ketamine (30 mg/kg) and xylazine
hydrochloride (4 mg/kg). Rectal temperature was maintained at
37°C with a circulating heating pad. A filament (4-0 nylon suture
with a blunted tip) was inserted into the left common carotid
artery via an arteriotomy. The filament was then passed up the
lumen of the internal carotid artery into the intracranial
circulation and lodged in the narrow proximal anterior cerebral
artery, thus blocking the middle cerebral artery (MCA) at its
origin. Animals were re-anesthetized two hours after middle
cerebral artery occlusion (MCAO), and reperfusion was
established by withdrawal of the filament. After animals were
awakened from anesthesia, they were given food and water ad
libitum.

Twenty-four hours after the operation, we measured motor
behavior to determine the extent of cerebral ischemic injury.

Animals that scored 9-13 points on a motor behavior index15
were included in our experimental group; animals that scored out
of this range were excluded. Ischemic animals were randomly
assigned into one of the following groups: Group 1, natural
recovery with no exercise (n=40); Group 2, mild intensity
exercise (n=25); Group 3, moderate intensity exercise (n=25);
Group 4, severe intensity exercise (n=25).

Treadmill training protocol
For all experiments, we used a treadmill (Columbus

instrument, USA) designed specially for rats. Twenty-four hours
after induction of cerebral ischemic injury, each animal was
subjected to a 15-minute warmup period on the treadmill at a rate
of 5m/min. Then, we determined the exercise ‘velocity over
maximum intensity’- the velocity at which animals cannot run
any longer due to fatigue (no more than three minutes after the
onset of exercise). Once this was determined, we subjected
Group 1 to no exercise; Group 2 to exercise at 30% of the
maximum velocity; Group 3 to exercise at 60% of the maximum
velocity; and Group 4 to exercise at 80% of the maximum
velocity. First, each of the three groups (excluding control,
Group 1) performed a 15-min warmup period at 10% load of
maximum intensity. Then, the groups performed a 30-minute
exercise period at the target exercise intensity. Each exercise
period began within 24 hours of ischemic injury and was
performed for 30 minutes per day for 7 or 14 days. Treadmill
exercise in all rats was performed during constant daytime.

Neurological examinations
On the 1st, 4th, 7th, 10th, and 14th days after cerebral

ischemia, neurological examinations were conducted by a
researcher who was blinded to the identity of the exercise
groups. To reduce daily variations in the course of measurement,
all examinations were conducted at night using a 5-point scale,
as described by Menzies et al16 The scale is defined as follows:
0 points, no apparent deficits; 1 point, right forelimb flexion; 2
points, decreased grip of the right forelimb when the tale is
pulled; 3 points, spontaneous movement in all directions, but
right circling when the tail is pulled; 4 points, spontaneous right
circling.

Quantitative analysis of infarct volume
For animal sacrifice, we administered 1% ketamine (30

mg/kg) and xylazine hydrochloride (4 mg/kg) into the abdomen
and then removed the brain. The brains were isolated 2 mm from
the frontal region on coronal section and were then subdivided
into six sections using a tissue slicer. Each section was immersed
in 2% 2,3,4-triphenyl-tetrazolium chloride (TTC) solution at
37℃ for 30 minutes, then submersed in 10% phosphate-buffered
formalin solution at 4℃. To determine the volume of regions
affected by cerebral infarctions, we scanned each section using a
charge-coupled device (CCD) camera. For image analysis, we
used the Scion Image Program (Scion Image Beta 4.02 for
windows, Scion Corp., USA) and determined the volume of
injured tissues by considering the unstained region as the region
that was affected by cerebral infarction. For the group sacrificed
24 hours after cerebral ischemia, cerebral edema on the affected
hemisphere may have had an effect on regions affected by a
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cerebral infarction; therefore, we used a calibrated injury volume
for measurement. This calibrated value was calculated by
subtracting the volume of regions affected by cerebral infarction
from the volume of the affected cerebral hemisphere, then
subtracting this value from the volume of the unaffected cerebral
hemisphere.17 Animals sacrificed 7 and 14 days after cerebral
ischemia showed no signs of cerebral edema, so the volume of a
region injured by cerebral ischemia was determined only from
the volume using that of cerebral infarction region. The volume
of a region affected by cerebral infarction was expressed as
percentage (%) of the volume of the unaffected cerebral
hemisphere.

Immunohistochemistry
The excised brain was immersed in 10% phosphate buffered

formalin solution at 4℃ for 12 hours, then stained in paraffin
with a procedures used to keep tissues stable. First, paraffin
blocks were sliced into 2-3μm-thick sections and the paraffin
was removed with xylene. Next, sections were hydrated stepwise
in ethyl alcohol and LSAB (labelled streptavidin biotin method;
Dako, Denmark) for immunohistochemical staining. The
primary antibody was glial fibrillary acid protein (GFAP, 1:100,
Dako, Denmark) and was used to observe glial cell
differentiation. The neuronal nuclei antibody (NeuN, 1:200,
Chemicon, CA, USA) was used to monitor injury of nerve cells.
To restore the antigen, block sections were heated in a pressure
pan containing citrate buffer or were microwaved for 20 min
after hydration. The primary antibodies were incubated for 1
hour at room temperature and then cultured in the freezer for 12
hours. The secondary antibodies (coupled with biotin;
prediluted, Immunotech, Marseille, France) were added,
followed by streptavidin coupled with horseradish peroxidase.
Then, DAB (a chromogen; 3,3-diaminobenzidine tetrachloride)
was added and Mayer's hematoxylin was used for contrast
staining. The completely processed cerebral tissue was fixed on
a gelatine-coated slide and a cover glass was placed on the slide
under a vacuum for light microscopy analysis. The regions
where there was a GFAP-positive reaction around the lesion

affected by cerebral infarction were observed to measure the
thickness of reactive astrocyte layer around lesion of cerebral
infarction using a calibrated ruler on three random microscopic
fields (x40). The values obtained from three measurements were
averaged.

Statistical analysis
All values are expressed as mean ± standard deviation.

Intergroup statistical data were analyzed with SPSS 14.0 for
Windows (SPSS, Chicago, IL, USA). The volume of ischemic
injury, values of the neurological examination and the thickness
of astrocyte layers, as determined by immunohistochemical
staining, was compared using Kruskal-Wallis analysis and
between-group differences were compared respectively using the
Mann-Whitney U test. Spearman's coefficient of correlation was
used to express the correlations between reactive astrocyte layer
thickness and score on the neurological test.

RESULTS
The total of 109 rats with MCAO (n=36 in Group 1, n=23 in

Group 2, n=25 in Group 3, n=25 in Group 4) completed the
experimental protocols. The four rats that died during
experimental procedures and two rats that showed scoring out of
9-13 points on motor behavior index on postoperative day 1 were
excluded. The groups under exercise in 24 hours after cerebral
ischemic injury scored the following mean values of velocity
over maximum intensity: Maximum exercise intensity in Group
2 averaged 23.0±6.0 m/min, maximum exercise intensity in
Group 3 averaged 22.3±5.1 m/min, and maximum exercise
intensity in Group 4 averaged 20.9±5.7 m/min, but there was not
any statistically significant difference found between groups.

Neurological examinations performed one day and four days
after cerebral ischemia indicated no significant differences
among the four groups. However, seven days after cerebral
ischemia, we noted significant improvements in Group 2 and
Group 3 relative to Group 1. In addition, 14 days after cerebral
ischemia, Group 2 and Group 3 showed additional improvements
relative to Group 1. Group 4 showed a modest improvement
compared with Group 1, but this was not statistically significant
at the 0.05 level (Table 1).

Gross examination of brain slices by TTC staining indicated
cerebral infarction around the MCA region, including the
cerebral cortex and basal ganglia. Compared with Group 1,
Groups 2 and 3 had significantly less infarct volume one week
after cerebral ischemia. However, there was no significant
difference between Group 1 and Group 4. (Table 2, Figure 1).

We readily observed brain regions with higher GFAP
reactivity around cerebral ischemic region (Figure 2). All groups
showed lower or no NeuN immune reactivity around regions
affected by cerebral infarction. To determine the effect of
exercise intensity on the activity of astrocytes in regions affected
by cerebral infarction, we measured the thickness of reactive
astrocyte layers that surrounded regions where there was
cerebral infarction. Seven days after cerebral ischemia, there was
no significant differences between Groups 2 or 3 and Group 1;
however, Group 4 had a significantly reduced astrocyte thickness
relative to Group 1 (p<0.05). However, all Groups showed no
significant differences in thickness two weeks after cerebral
ischemia (Table 2, Figure 3).
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Figure 1: Infarct volume following MCAO. *Significantly different
(p<0.05) from Group 1 at one week after MCAO.
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To determine whether proliferation of astrocyte was
associated with neurological recovery, we calculated the
correlations between the thickness of the reactive astrocyte
layers and the associated results on the neurological examination
(n=39). Our result indicated a significant negative correlation (r
= - 0.648; p<0.01) (Figure 4).

DISCUSSION
Our study of recovery from induced ischemic stroke in rats

has two major findings. First, based on scores of neurological
tests and the volumes of regions affected by cerebral infarction,
early initiation of mild to moderate exercise is associated with
better recovery. Second, the reactive astrocytotis around cerebral
ischemia varied depending on exercise intensity, which had
significant correlations with neurological recovery.

The mechanisms of exercise-induced recovery from cerebral
ischemia are not yet clear, but increased blood pressure caused
by exercise may have a role.18 Increases in blood pressure cause
more blood flow to the brain and result in reduced size of
cerebral infarction.19 In addition, increased cerebral blood flow
helps facilitate oxygenation of the brain.20 Moreover, other

studies found that active exercise facilitates neurogenesis of the
dentate gyrus21 and promotes angiogenesis of the motor cortex.22

A recent study reported that rats who exercised before induction
of cerebral ischemia had higher density of capillary vessels
compared with controls who did not exercise.23 A recent clinical
study showed that exercise helps induce endothelium-derived
vasodilation and promotes the expression of nitric oxide
synthetase from endothelial cells in favor of effective
vasodilation.24

Our study indicates that appropriate exercise intensity can
help neurological recovery from an induced stroke. In particular,
our results showed that rats subjected to mild- or moderate-
intensity exercise had more significant recovery compared with
controls that did not exercise and compared with rats subjected
to severe-intensity exercise. Two previous reports of rats
indicated that early induction of strenuous exercise may delay
functional recovery following induced cerebral ischemia.10,11

The mechanism of this effect is unclear. Increased body
temperature can cause neurological injury.25 So we suggest that
intense exercise-induced increases in body temperature may
adversely affect recovery from cerebral ischemia by a similar
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Figure 2: GFAP immunostaining at various conditions after MCAO. A,B,C and D represent Group 1,2,3 and 4 respectively.
Reactive peri-infarct astrocytosis in Group 2 and 3 was prominent. However, the reactive peri-infarct astrocytosis in Group 4 was
sparse, which means reactive astrocytosis can be affected by the exercise intensity.
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mechanism. At the cellular level, intense stress and exercise are
known to activate secretion of glucocorticoids,26 and endogenous
glucocorticoid contributes to the basal level of brain injury
resulting from cerebral ischemia.27 This may underlie the
adverse effects of intense exercise that we observed. Intense
exercise also inhibits the expression of Bcl-2 (a protein critical to
apoptosis) and this may have a role in the poor recovery
following intense exercise.28 In the early phase of cerebral
ischemia, cells around cerebral infarction regions tend to react
more sensitively to excitatory transmitters. Thus, early induction
of intense exercise following a stroke may cause excessive

secretion of excitatory neurotransmitters, including glutamate or
catecholamine,29 more nerve impulses induced by N-methyl-D-
aspartate (NMDA) receptor, and lower gamma-aminobutyric
acid (GABA) -induced inhibitive reactions.30

Numerous previous studies have reported that recovery from
morbid conditions depends on exercise intensity. For example, a
study that used white hypertensive rats showed that low-intensity
exercise was better than high-intensity exercise at reducing
cardiac output and blood pressure.31 Ischemic heart disease and
hypoxemic skeletal muscle activates AMP-activated protein
kinase (AMPK) and intense exercise causes more cardiac AMPK
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Group 1 rats that did not exercise; Group 2 rats that exercised at mild intensity; Group 3 rats that exercised at moderate
intensity; Group 4 rats that exercised at severe intensity. Values are expressed as mean±SD. *P<0.05 versus Group 1.

Group

1 (n=9) 2 (n=9) 3 (n=10) 4 (n=10)

Post-infarct 1 day 2.8±0.4 2.5±0.5 2.4±0.7 2.5±0.7

Post-infarct 4 days 2.1±0.7 2.0±0.9 2.3±0.7 2.1±0.8

Post-infarct 7 days

Post-infarct 10 days

Post-infarct 14 days

2.1±0.3

2.3±0.6

2.3±0.6

1.0±0.5*

1.0±0.8

0.7±0.5*

1.2±0.4*

0.5±0.6*

0.3±0.5*

1.7±0.8

1.3±0.5

1.5±0.6

Table 1: Changes in neurological examination scores over time following MCAO

Values are expressed as mean±SD. *Significant different from Group 1 at one week (p<0.05).

Infarct Volume (%) Astrocyte Thickness (mm)

Group 1 day 1 week 2 weeks 1 day 1 week 2 weeks

1 39.9±14.3

(n=9)

37.6±21.8

(n=10)

30.7±14.4

(n=5)

1.02±0.12

(n=4)

1.41±0.59

(n=4)

0.84±0.30

(n=4)

2 20.4±17.9
*

(n=9)

14.2±9.1

(n=5)

1.28±0.52

(n=5)

1.29±0.23

(n=4)

3 19.4±12.8
*

(n=10)

19.4±5.5

(n=4)

1.25±0.61

(n=5)

1.09±0.47

(n=6)

4 33.1±15.2

(n=10)

30.4±12.8

(n=4)

0.56±0.19
*

(n=5)

0.64±0.32

(n=6)

Table 2: Infarct volume and thickness of the reactive peri-infarct astrocytosis following MCAO

https://doi.org/10.1017/S0317167100007769 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100007769


activity.32 Another study showed that rats subjected to intense
exercise suffered from more severe injury of hepatic cells.33

More recently, Kim et al34 reported that cell proliferation in the
dentate gyrus of rats depends on the magnitude and duration of
treadmill exercise, and that mild exercise was better than intense
exercise. Our study is first to investigate the effect of exercise
intensity on recovery from induced cerebral ischemia.

Our study also examined the effect of exercise intensity on
astrocytes. Astrocytes are more active around regions of cerebral
infarction after onset of cerebral ischemia,35 although the
function of astrocytes in cerebral ischemia is unknown. It is
possible that astrocyte reactions contribute to neurological
recovery from cerebral infarction by secretion of neurotropic
factors, activation of angiogenesis, and activation of
neurogenesis.36 Another possibility is that astrocyte reactions
accelerate secretion of glutamate and that this causes scarring
around cerebral infarction regions, resulting in adverse
neurological effects.37 It is known that gap junctions
(intercellular structural connections in astrocytes) stay open
during cerebral ischemia, and that substances that accelerate
apoptosis move from dead cells into living cells, where they
induce apoptosis.38 However, a recent study showed that the lack
of connexin-43 (a modifier of gap junction) results in larger
cerebral infarction regions, suggesting that gap junctions protect
from cerebral ischemia.39

Our results clearly indicate that astrocyte reactions were
negatively correlated with neurological recovery suggesting that
the exercise-mediated recovery from cerebral ischemia affects
astrocytes. In view of recent findings that astrocytes proliferate
more actively when normal rats exercise,40 we suggest that
exercise-induced astrocyte proliferation has positive effects on
the regeneration of capillaries and thereby contributes to the
regeneration of the blood-brain barrier and angiogenesis.

After onset of cerebral ischemia, neurons begin to regenerate
around regions beneath the ventricle and the dentate gyrus of the
hippocampus.41 Some reports have suggested that this
regeneration is associated with immature astrocytes,42 and that

astrocytes induce neurogenesis of the stem cells of the
hippocampus.43 Based on the finding that exercise accelerates
neurogenesis of the dentate gyrus,34 it seems likely that astrocyte
proliferation is increased with exercise and thereby aids
neurological recovery following cerebral ischemia. In view of
the aforementioned finding that connexin-43, which modifies the
gap junctions of astrocytes, controls the migration of factors that
accelerate penumbra cerebral ischemic apoptosis and reduce
apoptosis-induced nerve injury,44 we propose that exercise-
induced astrocyte proliferation likely restrains apoptosis and
thereby has positive effects on neurological recovery.

There were several limitations in our study. First, we
determined exercise intensity by calculating percentage of
maximum exercise velocity which rats can run. It would
certainly strengthen our paper if we use objective measure to
quantify varying degree of exercise intensity, such as oxygen
consumption, heart rate etc. Second, an important limitation of
this study was the small sample size. Nevertheless, we were able
to show benefits of mild to moderate-intensity exercise in infarct
volume and neurological score. This trend of changes we
observed warrants further study with a larger sample size to
allow for a more discerning statistical analysis. Third, all rats
were not familiarized with the treadmill training on a treadmill
before MCAO. They only performed familiarized exercise 24
hours after MCAO.

In conclusion, when rats undergo MCAO, mild- to moderate-
intensity exercise improves neurological function and reduces
the volume of cerebral infarct regions. Intense exercise has
similar effects as no exercise. Hence, control of exercise
intensity is critical for recovery from induced cerebral ischemia.
The mechanism of these effects should be addressed by cellular
and molecular biology studies of cerebral apoptosis,
angiogenesis, and the expression of neurotropic factors.
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Figure 3: Thickness of the reactive peri-infarct astrocytosis (mm) after
MCAO. *Significantly different (p<0.05) from Group 1 at 1 week after
MCAO. Figure 4: Correlation of thickness of the reactive astrocyte layer and

score on the neurological examination. Abscissa, score of neurological
examination; ordinate, thickness of the reactive astrocyte layer.
Spearman correlation coefficient: r = - 0.648 (p<0.01). Data from 24 h
after cerebral artery occlusion were not included.
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