
252

MOC
Choice

www.ccns.org

Although some spontaneous recovery can occur following
focal cerebral ischemia, rehabilitation may hasten or improve the
outcome. It is a common practice in stroke centers to start
training programs for patients at an early stage after cerebral
infarction. Evaluations have confirmed that early mobilization
reduces secondary complications and mortality and promotes
long-term functional benefits.1 Stroke patients who receive
organized inpatient care in a stroke unit are more likely to
survive and to achieve functional independence.2 This organized
care is characterized by early mobilization and multidisciplinary
rehabilitation coordinated by regular team meetings. The

ABSTRACT: Background: Treadmill training is used for promoting rhythmical vigorous walking and
for task-related training in patients with stroke. The neurological impact of treadmill training has not
been established. The present investigation is aimed at (1) examining neurological changes over a four-
week period after middle cerebral artery occlusion (MCAO) in rats and (2) assessing the impact of one-
week, two-week and four-week treadmill training in MCAO rats. Methods: Male Sprague-Dawley rats
were subjected to 60-minute right MCAO. All rats were randomly assigned to one of seven groups.
Infarct volume and neurological score were measured. Results: Rats sacrificed 24 hours post MCAO
had the largest infarct volumes (171.4 ± 14.4 mm3) and the highest neurological score (median: 2, range:
1-3). We noted that without treadmill training, infarct sizes and neurological score diminished with time.
Treadmill training for at least one week further reduced infarct volume and significantly improved
neurologic function in MCAO rats. Conclusion: Treadmill training after focal cerebral ischemia
significantly improves neurological outcome in MCAO rats. Treadmill training may be beneficial for
ischemic brain recovery.

RÉSUMÉ: Effets de l’entraînement sur tapis roulant sur l’issue neurologique chez des rats ayant subi une
occlusion de l’artère cérébrale moyenne. Introduction: L’entraînement sur tapis roulant est utilisé pour
promouvoir la marche rythmique rapide et l’entraînement à la tâche chez les patients ayant subi un accident
vasculaire cérébral. L’impact neurologique de l’entraînement sur tapis roulant n’a jamais été étudié. Cette étude vise
à: 1) examiner les changements neurologiques qui surviennent dans les quatre premières semaines après l’occlusion
de l’artère cérébrale moyenne (OACM) chez des rats et d’évaluer l’impact d’un entraînement sur tapis roulant de
une, deux et quatre semaines chez des rats ayant subi une OACM. Méthodes: Des rats mâles Sprague-Dawley ont
subi une OACM d’une durée de 60 minutes. Ils ont été divisés en sept groupes. Le volume de l’infarctus et le score
neurologique ont été mesurés. Résultats: Les rats sacrifiés 24 heures après l’OACM avaient les plus gros infarctus
(171,4 ± 14,4 mm3) et le score neurologique le plus élevé (médiane: 2; écart: 1 à 3). Sans entraînement sur tapis
roulant, la taille de l’infarctus et le score neurologique diminuaient avec le temps. L’entraînement sur tapis roulant
pendant au moins une semaine diminuait davantage le volume de l’infarctus et améliorait significativement la
fonction neurologique des rats ayant subi une OACM. Conclusions: L’entraînement sur tapis roulant après une
ischémie cérébrale focale améliore significativement l’issue neurologique chez les rats ayant subi une OACM.
L’entraînement sur tapis roulant peut avoir un effet bénéfique sur la récupération après une ischémie cérébrale. 
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optimum program of rehabilitation after a stroke, however, is not
identified.3,4 Also, it is not known if, or how, rehabilitation
influences the recovery process after cerebral infarction.

Ambulation is a primary functional goal for many stroke
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patients. Intervention for stroke patients typically includes a
program of gait training. The treadmill apparatus was developed
to provide a useful tool in both gait research and gait
rehabilitation. Since 1982, it has been suggested that treadmill
walking provides walking training,5 following the findings from
investigations of the spinalization in the cat.6 Forced use
engendering a repetitive motor task may best promote central
neural plasticity.7 Finch et al8 also supported this dynamic
approach to gait training in humans. Human studies have shown
that treadmill training improved gross motor efficiency and
physiologic reserve in stroke patients.9-11 Recently, treadmill
walking has been shown to be effective in promoting rhythmical
walking and is a useful method for training after a stroke.12,13 The
neurological effects of treadmill training in stroke patients have
not been established and its potential mechanism is uncertain.

Middle cerebral artery occlusion (MCAO) resulting in
ischemic brain damage in rats has been used since 1975.14,15 This
techniques is considered to be a reliable and reproducible model
of cerebral ischemia.16,17 Damage following MCAO in rats
develops in the striatum and overlying cortex, similar to that
observed in human thrombotic/embolic occlusion of the middle
cerebral artery (MCA).18,19 Also, MCAO in rats causes
neurologic deficits that can readily be assessed.20, 21 The
purposes of the present study were to examine the character of
neurological changes from 24 hours to four weeks after MCAO
and to assess the effects of treadmill training in MCAO rats.

METHODS

Animals
Adult male Sprague-Dawley rats, between two and three

months of age, were used in this study. All rats were housed in
groups of two and maintained under a 12 hour light/dark cycle
with food and water available ad libitum. The MCAO procedure
and treadmill training were performed during the light phase. All
rats were randomly assigned to one of the seven groups. The
experimental design for each group is outlined in Table 1. The
study protocol was reviewed and approved by the institutional
animal care committee.

MCAO procedures
Middle cerebral artery occlusion procedure leading to focal

ischemia was conducted under chloral hydrate anesthesia (a

single 0.5 g/kg i.p. bolus in 1 ml of saline provided anesthesia
lasting at least two hours). Rectal temperature was monitored
throughout the surgical procedures and maintained at 37.0 ±
0.5oC by a heating lamp and a heating blanket controlled by an
electronic temperature controller (HB 101/2, Debiomed).

The right middle cerebral artery was exposed using
microsurgical techniques.16, 17 Briefly, a 2-mm burr hole was
drilled at the junction of the zygomatic arch and the squamous
bone, following a 2-cm vertical skin incision midway between
the right eye and ear and splitting of the temporalis muscle. The
right middle cerebral artery trunk was ligated immediately above
the rhinal fissure with 10-0 suture. Complete interruption of
blood flow was confirmed using an operating microscope. Both
common carotid arteries were then occluded using nontraumatic
aneurysm clips. After the predetermined duration of ischemia (60
minutes), the aneurysm clips and ligation were removed from
both common carotid arteries and middle cerebral artery.
Restoration of blood flow in all three arteries was observed
directly under the microscope. After recovery from anesthesia,
all rats were kept in individual cages for the first 24
postoperative hours. Rats were then returned to their cages with
free access to food and water for the remainder of the one-week,
two-week or four-week period.

Treadmill training protocol
A motor driven treadmill (Treadmill Simplex II, Columbus

Instruments, U.S.A.) was used for training. Before MCAO
procedures, all rats were placed on the already moving belt
facing away from the electrified grid and ran in the direction
opposite of the movement of the belt over a three-day
accommodation period. This was to let rats move forward in
order to avoid foot shocks (with intensity in 1.0 mA, Stimulus
Controller Model D48E, DRI Co., Taiwan). Only the rats that
had learned to run were included in the present study. At the end
of the adaptation period, the included rats were randomly
assigned to one of the seven groups. Four of the seven groups
were no-training groups (Table 1). Rats in these four groups
remained sedentary in their cages for a 24-hour, one-week, two-
week or four-week period after MCAO. The other three groups
were treadmill-training groups (Table 1). Three different
treadmill-training conditions were set; training commenced 24
hours after MCAO for a period of one-week, two-weeks or four-
weeks respectively. Rats were trained for 30 minutes per day,

Table 1: Experimental design

Group Number Timing for Duration of Timing for Sacrifice 
Treadmill Training Treadmill Training post MCAO*

1 11 – – 24 hours
2 10 – – one week
3 11 – – two weeks
4 10 – – four weeks
5 10 24 hours post MCAO one week one week
6 10 24 hours post MCAO two weeks two weeks
7 11 24 hours post MCAO four weeks four weeks

*MCAO: middle cerebral artery occlusion
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five days per week to run on the treadmill at a speed of 20
meters/min with a slope of 0o.

Neurological examination
The investigator who performed the neurological

examination was blinded to the type of experimental procedure
performed. A neurologic grading system with a five-point scale
(0-4) described by Menzies et al22 was used to assess the motor

and behavioral changes after the MCAO (Table 2). The tests
described below were conducted sequentially. If a rat exhibited
the appropriate behavior at one step but not at the subsequent
step, it was graded as the former. Rats were held gently by the
tail, suspended at 30 cm above the floor, and their forelimb
posture was noted. Normal rats that extended both forelimbs
toward the floor and that had no other neurological deficit were
assigned a score of 0. Rats that flexed the forelimb contralateral
to the hemisphere of the MCAO during the suspension and had
no other abnormality were assigned a score of 1. Rats were
placed on a large absorbent pad that could be gripped firmly by
their claws. If rats showed an apparent decrease in grip in the
contralateral forelimb when being pulled by the tails, they would
be assigned a score of 2. While still being held by the tails, rats
were then allowed to move freely and were observed for their
circling behavior. Rats that are still capable of moving in all
directions but only circled toward the paretic side when given a
slight jerk of the tails were assigned a score of 3. Rats that circled
toward the paretic side consistently were assigned a score of 4.
Rats that were graded 0 indicate normal and rats that were graded
4 indicate severe neurological deficit.

Figure 1: Delineation of infarct volume with TTC from each condition after middle cerebral artery
occlusion in rats.

Table 2: Evaluation criteria for neurological examination of rats
after middle cerebral artery occlusion22

Score Evaluation
0 No apparent deficits
1 Left forelimb flexion
2 Decreased grip of the left forelimb while tail pulled
3 Spontaneous movement in all directions; left circling only

if pulled by tail
4 Spontaneous left circling
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Quantitative analysis of infarct volume
After periods of 24-hours, one-week, two-weeks and four-

weeks, rats were sacrificed under ketamine anesthesia by
intracardiac perfusion with 200 ml of 0.9 % NaCl. The brain was
removed and dissected into coronal 2-mm sections using a brain
slicer. The fresh brain slices were immersed in a 2% solution of
2,3,5-triphenyltetrazolium chloride (TTC) in normal saline at
37oC for 30 minutes, and then fixed in 10% phosphate-buffered
formalin at 4oC.16,17 Unstained areas on each brain slice, defined
as infarction area (Figure 1), were then measured by an image
analyzer (Image-Pro Plus). The damaged areas measured were
cerebral cortex including the adjacent caudate nucleus, putamen,
and hippocampus. Total measured infarct volume (MV) for each
brain was calculated by summation of the infarcted area of all
brain slices (area of infarct in square millimeters times thickness,
2 mm) from the same hemisphere. Both right hemisphere volume
(RV) and left hemisphere volume (LV) were measured and
calculated. To compensate for the effect of brain edema on MV
in the ischemic hemisphere at 24 hours post MCAO, corrected
infarct volume was calculated by the following formula, as
previously described: corrected infarct volume = LV – (RV –
MV).23,24 Resolution of the brain edema was observed at one-
week post MCAO. Therefore the infarct volume was computed
as the MV at one week, two weeks, and four weeks post MCAO.

Statistical analysis
Infarct volumes were expressed as means ± standard error of

means. The time effect on infarct volume was tested for
homogeneity using the one-way analysis of variance (ANOVA)
with time as between-group variable, and the difference between
specific means was tested for significance using Duncan’s
multiple-range test. To examine the treadmill training effect on
infarct volume, the independent t test was employed.

Neurological scores were expressed as median and range. The

time effect on neurological score was examined by Kruskal-
Wallis analysis and the difference between two groups was
further analyzed with Mann-Whitney U test. Comparison of
treadmill training effect on neurological score was also carried
out by Mann-Whitney U test. A probability value of less than
0.05 was considered to be significant.

RESULTS

The mean infarct volume changed significantly with time
after MCAO without treadmill training (F (3, 38) = 4.4, p< 0.01).
The mean infarct volume was 171.4 ± 14.4 mm3 measured at 24
hours after MCAO (Group 1), 138.8 ± 4.7 mm3 at one week after
MCAO (Group 2), 139.6 ± 21.1 mm3 at two weeks after MCAO
(Group 3), and 96.8 ± 5.5 mm3 at four weeks after MCAO
(Group 4). As illustrated in Figure 2, post-hoc analysis revealed
a significant difference (p = 0.0005) in mean infarct volume
between 24 hours and four weeks after MCAO. The neurological
score also changed significantly with time after MCAO without
treadmill training (p = 0.001). Individual comparison indicated
that there was significant difference (p < 0.001) between 24
hours (median score: 2) and four weeks after MCAO (median
score: 0), as shown in Table 3.

The effects of the treadmill training were examined by
comparing the infarct volume in rats after MCAO with and
without training for the same postocclusion period. These
comparisons were also presented in Figure 2. The one-week
treadmill training after MCAO (Group 5) resulted in a decrease
in infarct volume compared with one-week spontaneous
recovery (Group 2) (p = 0.01). Similar training effects were
obtained when comparing the mean infarct volume between two-
week treadmill training group (Group 6) and two-week
spontaneous recovery group (Group 3) (p < 0.05), and between
four-week treadmill training group (Group 7) and four-week

Figure 2: Infarct volume as mean ± SEM at various time intervals with
or without treadmill training after middle cerebral artery occlusion in
rats. ** p < 0.01 versus the 24 hours after middle cerebral artery
occlusion. + p < 0.05, ++ p < 0.01 versus the same postocclusion
period without treadmill training.

Table 3: Neurological score post middle cerebral artery
occlusion (MCAO) in Rats

Group Number Neurological 
Score

Without Treadmill Training
24 hours post MCAO 1 11 2 (1-3)
one week post MCAO 2 10 2 (0-3)
two weeks post MCAO 3 11 2 (0-3)
four weeks post MCAO 4 10 0 (0-1) **

With Treadmill Training
one week post MCAO 5 10 0 (0-3) †
two weeks post MCAO 6 10 0 (0-0) ††
four weeks post MCAO 7 11 0 (0-0)

Neurological scores were expressed as median (range).
** p < 0.005 versus 24 hours post MCAO
† p < 0.05, ††p < 0.005 versus the same postocclusion period without
treadmill training
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spontaneous recovery group (Group 4) (p < 0.0001) (Figure 2).
With regard to the neurologic function, significant differences in
neurological score were obtained between the one-week
treadmill training group and the one-week spontaneous recovery
group (p < 0.05), and also between the two-week treadmill
training group and the two-week spontaneous recovery group (p
< 0.005) (Table 3). No significant difference was recognized
between the four-week treadmill training group and the four-
week spontaneous recovery group.

DISCUSSION

The present investigation shows two important findings.
First, both infarct volume and neurologic function are time
related. Second, treadmill training after focal brain ischemia for
at least one week can significantly reduce infarct volume and
improve neurologic function.

The present study showed that considerable neurological
recovery occurred in MCAO rats, without treadmill training. The
infarct volume and neurological score diminished significantly
with time and there were significant differences between 24
hours and four weeks after MCAO, as demonstrated in Figure 2
and Table 3. Consistent with the present findings, Persson et al25

have addressed the importance of time for interpreting ischemic
changes, and they also found that MCAO rats can survive for
several weeks, during which period many will improve
neurologically. These findings suggested that such spontaneous
recovery resembled that seen in ischemic infarcts in humans.

Infarct volume is an important index for estimating ischemic
cerebral injury. TTC staining has been proposed as a rapid,
convenient, and reliable method for quantitatively delineating
the infarct volume in experimental cerebral ischemia.16, 26, 27 TTC
is a water-soluble salt that reacts with oxidative enzyme systems,
such as succinate dehydrogenase on mitochondria. Normally,
TTC is oxidized to a lipid soluble, bright red formazan by
mitochondrial enzyme systems; therefore, normal tissues stain a
dark red color when immersed in TTC. This reaction is lost in
damaged mitochondria or oxidative systems, and the lack of
staining should demarcate ischemic from normal brain tissue
(Figure 1). To the best of our knowledge, there is no direct
evidence elucidated that TTC unstained areas cover the ischemic
penumbra. However, the TTC unstained area can be viewed as an
infarcted tissue in which mitochondrial enzymes are denatured
and dysfunctional. A considerable decrease of intact
mitochondria has been verified in the unstained area.28 Since
penumbral tissue is also metabolically perturbed, it is reasonable
for our purposes to define that the TTC unstained area
encompasses the ischemic core and penumbra.

Some studies have demonstrated correlation between infarct
volume and neurological score after focal cerebral ischemia in
rats.25, 29 Furthermore, Witte30 indicated that ischemic brain
lesions are surrounded by a dysfunctional zone. He speculated
that the perilesional dysfunctional brain area contributes to the
ensuing neurological deficit, and that recovery occurs when this
perilesional dysfunction resolves.30 The present investigation
showed that reduction of infarct volume was accompanied by
improvement of neurologic function. Our present results support
the inference addressed by Witte.30 However, focal brain damage
not only causes a loss of function in the lesioned area, but also

disturbs a connected brain network. Recent investigations
suggested that focal brain lesion caused a hyperexcitability of
widespread brain areas ipsilateral and even contralateral to the
lesion.31, 32 Several studies supported that the lesion-induced
hyperexcitability can develop a propensity for long-term
potentiation and then contribute to restorative processes.33, 34

Taken together, these observations indicate that functional
restoration may be partially the result of alleviation of
perilesional dysfunction and partially the result of lesion-induced
network plasticity in remote brain areas.

It has been suggested that further functional recovery can be
achieved in experimental animals and humans with training.35-39

Treadmill training represents a functional activity and is
purposeful bilateral hemisphere activity. Recent clinical studies
have shown that treadmill training is effective with regard to
restoration of gait ability and improvement of gross motor
efficiency.9, 10 However, the neurological changes following
treadmill training are far less certain. Therefore, in the present
study, the character of the brain changes in MCAO rats for one
week, two weeks, and four weeks with treadmill training was
investigated. The present results showed that treadmill training
over a period after MCAO (from one week to four weeks) could
significantly reduce the infarction volume and improve
neurologic function when compared to the same duration after
MCAO without training (Figure 2 and Table 3).

The underlying mechanisms for effects of treadmill training
on MCAO rats remain poorly understood. However, raising
blood pressure and increasing oxygen delivery to the brain might
be the contributing factors to mitigate ischemic brain damage. If
the exercise involves a large proportion of the body musculature,
such as in running or swimming, increase in blood pressure was
observed. Arterial pressure started to rise with the onset of
exercise, and the increase in blood pressure roughly paralleled
the severity of the exercise performed.40 A previous study has
shown that induced hypertension was effective in reversing
ischemic deficits.41 Auer42 has also suggested that blood pressure
is a critical determinant of infarct size, and raising blood pressure
improves collateral blood flow and reduces stroke size.
Furthermore, increase in cerebral blood flow and enhancement
of cerebral oxygenation during exercise was demonstrated.43

Other investigators have studied the effects of oxygen delivery
on cerebral protection. These results suggested that increasing
cerebral oxygen, presumably by providing more oxygen to the
region of the ischemic penumbra, could reduce cerebral
infarct.44, 45 Thus, it is possible that treadmill training influenced
infarct size through a mechanism of cerebral hyperoxia. These
results seem to indicate that exercise-induced hypertension as
well as cerebral hyperoxia may have contributed to the recovery
of the penumbral areas. It should be noted that body temperature
also increased during exercise. Hyperthermia has been shown to
have detrimental effects on outcome after MCAO.46 However,
treadmill training resulted in a beneficial effect on MCAO rats in
the present study. Hence, exercise induced hyperthermia may
play a minor role on the effects of treadmill training after
MACO. According to the concept of perilesional dysfunction as
mentioned above, treadmill training might cause reduction of
infarct size and mitigation of perilesional dysfunction and then
contribute to functional restoration. Moreover, some
investigations also suggested that lesion-induced network
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plasticity can be enhanced by rehabilitative training, thus
allowing a recovery of neurologic function.35, 47

After a focal brain infarct, an increased neuronal labeling of
microtubule-associated protein 2, growth-associated protein 43,
and cyclin D1 immunoreactivity from day 2 and up to 28 days
has been found in the penumbral zone.48 The selective
expression of these proteins observed in the penumbral area
suggests an active ongoing process of neuronal repair. Recently,
Wei et al49 also demonstrated the appearance of neurogenesis in
the cerebral cortex of adult rats, with the highest density in the
ischemic boundary zone at 30 and 60 days after transient focal
cerebral ischemia. Parallel with neurogenesis, angiogenesis was
also found in the ischemic border at 30 days after ministroke.50

Taken together, neuron proliferation and growth of new
capillaries in the penumbral area thus resulted in decreased
infarct size after focal cerebral ischemia. Additionally, there is
some evidence that exercise may induce neurogenesis and
angiogenesis. Voluntary exercise in a running wheel has been
demonstrated sufficient to enhance neurogenesis in the adult
mouse dentate gyrus51 and to induce angiogenesis within motor
cortex in rats.52 The neurogenesis and angiogenesis may account
for our remarkable exercise-induced decrease in infarct size.

In the present study, our data showed that the one-week and
two-week treadmill training after MCAO resulted in a significant
decrease in infarct volume in addition to significant
improvement in neurologic function compared with one-week
and two-week spontaneous recovery, respectively. However, the
four-week treadmill training after MCAO resulted in a
significant decrease in infarct volume compared with four-week
spontaneous recovery, but no significant difference was
recognized in improvement of neurologic function between four-
week treadmill training group and four-week spontaneous
recovery group (Table 3). The reason for four-week treadmill
training causing no further improvement in neurologic function
compared with four-week spontaneous recovery may be due to
the ceiling effect of neurological scoring system. According to
this observation, it is noteworthy that the neurological scoring
system is less sensitive to smaller ischemic lesions.

The influence of early training after human cerebral infarction
remains contradictory. Some studies report that general
activation starting 24 hours after an ischemic event promotes
functional outcome without increasing tissue loss.53, 54 However,
other reports indicate that intense early training might be
deleterious. Humm et al55 found that forced overuse of the
impaired forelimb during the first seven days after focal lesions
of the forelimb sensorimotor cortex in rats caused expansion of
neural injury and interfered with restoration of function. Risedal
et al56 indicated that the specific training (one hour a day, five
days a week) initiated 24 hours after focal brain ischemia can
increase cortical tissue loss. Among these studies as mentioned
above, one important variable is the intensity of training. Bland
et al57 indicated that intensity of training appears to be one of the
important factors that contribute to early use-dependent
exaggeration of injury. Lower intensity physical training after
brain injury has not shown to be deleterious but appears to
promote reorganization of relevant cortical representation areas
with functional improvements.35 In the present study, the
intensity of treadmill training for 30 minutes per day, five days
per week seems to be a mild and optimal intensity of training for

rats. Therefore, the training program used in the present study
can contribute to improve neurological outcome in MCAO rats.

In summary, the present study demonstrated that treadmill
training after focal cerebral ischemia significantly reduces
infarct volume and improves neurologic function in MCAO rats.
Based on the present findings, one can conclude that treadmill
training may be very beneficial for human ischemic brain
recovery.
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