
Synergic Effects of Rehabilitation and
Intravenous Infusion of Mesenchymal
Stem Cells After Stroke in Rats
Yuichi Sasaki, Masanori Sasaki, Yuko Kataoka-Sasaki, Masahito Nakazaki,
Hiroshi Nagahama, Junpei Suzuki, Daiki Tateyama, Shinichi Oka,
Takahiro Namioka, Ai Namioka, Rie Onodera, Takeshi Mikami,
Masahiko Wanibuchi, Masafumi Kakizawa, Sumio Ishiai, Jeffery D. Kocsis,
Osamu Honmou

Background. Intravenous infusion of mesenchymal stem cells (MSCs) derived from adult
bone marrow improves behavioral function in rat stroke models. Rehabilitation therapy
through physical exercise also provides therapeutic efficacy for cerebral ischemia.

Objective. The purpose of this study was to investigate whether synergic effects of daily
rehabilitation and intravenous infusion of MSCs has therapeutic effects after stroke in rats.

Design. This was an experimental study.

Methods. A permanent middle cerebral artery occlusion (MCAO) was induced by intra-
luminal vascular occlusion with a microfilament. Four experimental groups were studied:
group 1 (vehicle only, n�10), group 2 (vehicle � exercise, n�10), group 3 (MSCs only, n�10),
and group 4 (MSCs � exercise, n�10). Rat MSCs were intravenously infused at 6 hours after
MCAO, and the rats received daily rehabilitation with treadmill running exercise for 20
minutes. Lesion size was assessed at 1, 14, and 35 days using magnetic resonance imaging.
Functional outcome was assessed using the Limb Placement Test.

Results. Both combined therapy and MSC infusion reduced lesion volume, induced synap-
togenesis, and elicited functional improvement compared with the groups without MSC
infusion, but the effect was greater in the combined therapy group.

Limitations. A limitation of this study is that the results were limited to an animal model
and cannot be generalized to humans.

Conclusions. The data indicate that the combined therapy of daily rehabilitation and
intravenous infusion of MSCs improved functional outcome in a rat MCAO model.
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Intravenous infusion of mesenchymal
stem cells (MSCs) after cerebral stroke
can reduce infarction size and

improve functional outcome in experi-
mental stroke models.1–5 Suggested ther-
apeutic mechanisms of MSCs in various
models of central nervous system dis-
eases include secretion of neurotrophic
factors, which can provide for neuropro-
tection; reduction in inflammation; neo-
vascularization; and synaptogenesis.6–8

Clinical studies using intravenous infu-
sion of MSCs in patients with stroke have
been carried out or are ongoing.8,9

Rehabilitation therapy through physical
exercise has demonstrated therapeutic
efficacy in experimental animal models,
including animals with cerebral isch-
emia10–12 and spinal cord injury.13 More-
over, rehabilitation therapy is efficacious
in patients with stroke.14 Among several
approaches for stroke rehabilitation, it
has been reported that treadmill exercise
could be powerful tool for gait train-
ing.15,16 Previous studies in animal mod-
els with cerebral ischemia suggest that
the improved functional outcome fol-
lowing rehabilitation is associated with
enhanced levels of endogenous neu-
rotrophic factors.10,17

In the present study, we investigated the
synergistic effects on behavioral function
of a combination strategy of rehabilita-
tion (daily treadmill exercise) and intra-
venous infusion of MSCs 6 hours after
induction of unilateral permanent cere-
bral ischemia in rats.

Method
Preparation of MSCs From Rat
Bone Marrow
The use of animals in this study was
approved by the Animal Care and Use
Committee of Sapporo Medical Univer-
sity (#13-125), and all procedures were
carried out in accordance with institu-
tional guidelines. The method of MSC
culture was based on our previous stud-
ies.18,19 Briefly, bone marrow was
obtained from femoral bones in adult
Sprague-Dawley rats or green fluorescent
protein (GFP)–expressing rats (W-Tg-
[CAG-GFP]184Ys); diluted to 25 mL with
Dulbecco’s modified Eagle’s medium
(DMEM) (SIGMA, St Louis, Missouri) sup-
plemented with 10% heat-inactivated

fetal bovine serum (Thermo Fisher Scien-
tific Inc, Waltham, Massachusetts), 2 mM
l-glutamine (SIGMA), 100 U/mL penicil-
lin, and 0.1 mg/mL streptomycin
(Thermo Fisher Scientific Inc); and incu-
bated for 3 days (5% CO2, 37°C). When
cultures almost reached confluence, the
adherent cells were detached with
trypsin-ethylenediaminetetraacetic acid
(EDTA) solution (SIGMA) and subcul-
tured at 1 � 104 cells/mL. In the present
study, we used MSCs after 3 passages.

Cerebral Ischemic Model
The rat middle cerebral artery occlusion
(MCAO) model was used as a stroke
model. We induced permanent MCAO
by using a previously described method
of intraluminal vascular occlusion.4,20,21

Adult female Sprague-Dawley rats (200–
250 g) were anesthetized with an intra-
peritoneal injection of ketamine (75
mg/kg) and xylazine (10 mg/kg). A
length of 20.0- to 22.0-mm 3-0 surgical
Monosof suture (Medtronic, Minneapo-
lis, Minnesota) with the tip rounded by
heating near a flame was advanced from
the external carotid artery into the
lumen of the internal carotid artery until
it blocked the origin of the MCA.

Rehabilitation
Treadmill running exercise was per-
formed for 20 minutes every day after
MCAO. Exercise started 1 day after
MCAO at a speed of 3 m/min with a slope
of 0 degrees for 1 week, and speed was
increased by 3 m/min every week until
histological evaluation.

MSC Infusion Procedures
The MSC infusion protocols consisted of
4 groups. After the initial diffusion-
weighted imaging at 6 hours after
MCAO, the rats were randomized into 4
experimental groups. In group 1 (vehicle
only, n�10), rats were injected intrave-
nously with vehicle alone (fresh DMEM)
through the femoral vein (without donor
cell administration) 6 hours after MCAO
(just after the initial diffusion-weighted
imaging). In group 2 (vehicle � exercise,
n�10), rats were infused with DMEM
and received daily exercise (see Rehabil-
itation section). In group 3 (MSCs only,
n�10), rats were injected intravenously
with MSCs (1.0 � 106 cells each) in 1 mL
total fluid volume (fresh DMEM) 6
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hours after MCAO. In group 4 (MSCs �
exercise, n�10), rats were infused with
MSCs and received exercise (see Reha-
bilitation section). All rats, including
sham control rats and age-matched
intact animals (n�10), were injected
daily with cyclosporine A (10 mg/kg,
intraperitoneally).19,22–27

Magnetic Resonance Imaging
Studies and Measurement of
Infarct Volume and Corpus
Callosum Thickness
Rats were anesthetized with ketamine
(75 mg/kg) and xylazine (10 mg/kg,
intraperitoneally). Each rat was placed in
an animal holder/magnetic resonance
imaging (MRI) probe apparatus and posi-
tioned inside the magnet. The animal’s
head was held in place inside the imag-
ing coil. All MRI measurements were
performed using a 7-tesla, 18-cm-bore
superconducting magnet (Oxford Instru-
ments, Oxfordshire, United Kingdom)
interfaced to a Unity Inova console
(Oxford Instruments and Varian Inc, Palo
Alto, California) (n�10 per group)
described previously.5,28

Briefly, diffusion-weighted images were
obtained from a 1.0-mm-thick coronal
section with a 0.5-mm gap using a
30-mm � 30-mm field of view (repetition
time�3,000 milliseconds, echo time�37
milliseconds, b value�1,000 s/mm2) and
reconstructed using a 128 � 128 image
matrix. The T2-weighted images were
obtained from a 1.0-mm-thick coronal
section with a 0.5-mm gap using a
30-mm � 30-mm field of view (repetition
time�3,000 milliseconds, echo time�30
milliseconds) and reconstructed using a
256 � 256 image matrix. Accurate posi-
tioning of the brain was performed to
center the image slice 5 mm posterior to
the rhinal fissure with the head of the rat
held in a flat skull position. Diffusion-
weighted images were obtained 6 hours
after MCAO, and T2-weighted images
were obtained 1, 14, and 35 days after
MCAO.

The ischemic lesion area was calculated
from T2-weighted images using imaging
software (Scion Image, Version Beta
4.0.2, Scion Corporation, Frederick,
Maryland) based on the previously
described method.29 Briefly, after opti-

mal adjustment of contrast, the edge of
the lesions, where the signal intensity
was 1.25 times higher than the counter-
part in the contralateral brain lesion, was
traced manually on each of the 9 coronal
slices, which completely covered the
middle cerebral artery territory in all ani-
mals. The areas of hyperintensity were
then summed and multiplied by the slice
thickness plus interslice gap to calculate
lesion volumes. It should be noted that
the high-intensity area of T2-weighted
images at 6 hours is not clear enough to
measure stroke volume. However, the
high-intensity area of diffusion-weighted
images at 6 hours can be used to evaluate
the initial stroke volume after MCAO
induction. We used criteria for standard-
izing the initial stroke volume (300
mm3 � 60 mm3) and excluded deviated
animals (the inclusion rate was 25%–
30%). Then, the rats were randomized
into the 4 experimental groups. Corpus
callosum (CC) thickness was measured
with T2-weighted images using NIH
Image J Analysis Software (version 1.39,
National Institutes of Health, Bethesda,
Maryland) at the midline on bregma
�0.26 mm level slices (modified from
Paxino and Watson30; Fig. 3A) (n�10 per
group).

Limb Placement Test
In the Limb Placement Test (LPT), the
rats’ 4 limbs were evaluated using the
top and edges of a countertop.22,31 Each
test was scored as follows: 0�no place-
ment, 1�incomplete or delayed �2 sec-
onds placement, and 2�immediate and
correct placement. For each body side,
the maximum score from the tests used
was 16. The forepaws were graded in all
6 tests; in tests 4 and 6, the hind limbs
also were tested. During tests 1 through
4, the rat was held in a soft grip by the
examiner.

In test 1, limb placement was tested by
slowly lowering the rat toward a table. At
10 cm above the table, normal rats
stretch and place both forepaws on the
table. For test 2, with the rats’ forelimbs
touching the table edge, the head of
the rat was moved 45 degrees upward
while the chin was supported to prevent
the nose and the vibrissae from touching
the table. A rat with a focal brain lesion
may lose contact with the table with the

paw contralateral to the injured hemi-
sphere. In test 3, forelimb placement of
the rat when facing a table edge was
observed. A normal rat places both fore-
paws on the tabletop. Test 4 recorded
forelimb and hind-limb placement when
the lateral side of the rat’s body was
moved toward the table edge. For test 5,
the rat was placed on the table and
gently pushed from behind toward
the table edge. A normal rat will grip on
the edge, but an injured rat may drop the
forelimb contralateral to the injured
hemisphere. Test 6 was the same as test
5, but the rat was pushed laterally toward
the table edge. Intact animals were used
for control.

Immunohistochemistry
Rats were perfused transcardially with
cold phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde under
deep anesthesia. Whole brains were dis-
sected out, post-fixed in 4% paraformal-
dehyde overnight, and cryoprotected in
30% sucrose/phosphate-buffered saline
at 4°C. Samples were stored at �80°C
until use. Coronal sections were cut to
50-�m thickness using a cryostat (Sakura
Seiki Co, Tokyo, Japan). One section per
animal was selected according to the rat
stereotaxic atlas (bregma �0.4 mm;
modified from Paxino and Watson30;
Fig. 2A), washed in PBS-0.1% Tween 20
(PBS-T) 3 times, blocked in 5% normal
donkey serum/0.3 % Triton X-100 in PBS
at room temperature for 30 minutes, and
incubated in primary antibodies diluted
in 5% normal donkey serum/0.3% Triton
X-100 /PBS at 4°C overnight. We used
rabbit anti-synaptophysin antibody
(1:500; Novus/NB110-57606) as a pre-
synaptic marker, which is a presynaptic
vesicle protein and indicator of presyn-
aptic plasticity and synaptogenesis,32 and
chicken anti-GFP antibody (1:1,000;
Abcam, ab13970) for detection of GFP.
After washing in PBS-T 4 times, sections
were incubated in secondary antibodies,
which were Cy3-conjugated donkey anti-
rabbit immunoglobulin G (1:1,000;
Jackson/711-165-152) for synaptophysin
and AF 488-conjugated goat anti-chicken
immunoglobulin Y (1:1,000; Abcam,
150173) for GFP, counter-stained with
4’,6-diamidino-2-phenylindole (DAPI),
and coverslipped with VECTASHIELD
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(Vector Laboratories, Burlingame,
California).

Quantitative Analysis of
Synaptic Puncta
The sections were examined using a con-
focal microscopy with Ex/Em (405; 561:
LSM780 ELYRA S.1 system). For quanti-
tative analysis of synaptophysin, confo-
cal images were collected from layer
III/IV in the motor cortex in the infarcted
hemisphere lesion according to the rat
stereotaxic atlas (bregma 0.4 mm: modi-
fied from Paxino and Watson30 Fig. 2A).
The regions of interests (ROIs; 2,048 �
2,048 pixels) were placed to quantify the
expression of synaptophysin. The coor-
dinate relative to the bregma for the cen-
ter of the ROI was on the section: �0.40
mm caudal, 3 mm lateral, 0.5 mm
depth.23 Gain thresholds and amplitude
offsets were kept constant between
imaging of the motor cortex in infarcted
hemisphere and homotopic contralateral
areas for each section. Averaged synaptic
puncta per field were counted using the
NIH Image J Analysis Software (version
1.39) in each scanned field (3 fields per
animal) from group 1 (n�6 rats), group 2
(n�6 rats), group 3 (n�6 rats), and
group 4 (n�6 rats) after MCAO and from
intact animals (n�5 rats).

Data Analysis
All statistical analysis was performed
using SPSS 18 (SPSS Inc, Chicago, Illi-
nois). Differences among groups were
assessed by analysis of variance with the
Scheffé post hoc test. The behavioral
data were further tested for a correlation
to the density of the synaptic puncta and
the thickness of the CC (Pearson
correlation).

Results
Characterization of Ischemic
Lesion Size by MRI Analysis
The ischemic lesion size was estimated
for the 4 experimental groups using in
vivo MRI (see Method section). The
T2-weighted images were obtained from
the 4 groups at day 1, day 14, and day 35
after MCAO induction (Fig. 1A–D). These
coronal forebrain sections were obtained
at the level of caudate-putamen com-
plex. Diffusion-weighted images also
were obtained at 6 hours and con-
firmed no difference of the initial stroke
volume among the groups (group
1�293.5�34.7 mm3, group 2�312�
28.5 mm3, group 3�305.1�30.1.7 mm3,
and group 4�294.8�40.6 mm3; n�10
per group; P�.619).

Lesion volume (mm3) was determined by
analysis of T2-weighted image high-
intensity areas on serial images collected
through the cerebrum (see Method sec-
tion). In all groups, T2-weighted image–
estimated lesion volume gradually
decreased over the time course of 35
days post-MCAO (Fig. 1E). Group 2 did
not show lesion volume reduction at day
14 or day 35 compared with group 1, but
group 3 displayed greater volume reduc-
tion compared with the control rats at
day 35 (P�.01) (Fig. 1E). The reduction
in lesion volume was greatest for group 4
compared with the other 3 groups at day
14 and day 35 (P�.01) (Fig. 1E).

Collectively, these results indicate that
the combination strategy of rehabilita-
tion and intravenous infusion of MSCs
enhanced reduction of ischemic lesion
volume.

Detection of GFP-MSCs In Vivo
Histological analysis at 3 days post-GFP-
MSCs (green) infusion indicated that the
infused cells survived and distributed to
the infarcted hemisphere (Fig. 2A–B).
There were few GFP-MSCs in the con-
tralateral hemisphere. To determine
whether autofluorescence of the MSCs
was present at the wavelengths used to

Figure 1.
Evaluation of the ischemic lesion volume with magnetic resonance imaging T2-weighted images (T2WI). Rat mesenchymal stem cells (MSCs)
or vehicle (fresh Dulbecco’s modified Eagle’s medium) were intravenously infused 6 hours after middle cerebral artery occlusion (MCAO). The
T2WI were obtained at days 1, 14, and 35 from the 4 experimental groups after MCAO induction: (A) group 1 (vehicle only), (B) group 2
(vehicle � exercise), (C) group 3 (MSCs only), and (D) group 4 (MSCs � exercise). Scale bar�5 mm. (E) A summary of lesion volume
evaluated with T2WI were obtained 1, 14, and 35 days after MCAO in the 4 experimental groups. R�right, L�left. * P�.01.
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study GFP fluorescence, we examined
these sections of animals infused MSCs
derived from wild-type Sprague-Dawley
rats. No green cells were observed in
these lesions (Fig. 2B inset).

Quantification of Synaptic
Density
To determine whether there are synaptic
changes following 4 experimental condi-
tions, synaptic density in the motor cor-
tex in the infarcted hemisphere was
examined at 6 weeks after stroke induc-
tion. Synaptophysin was used to quantify
synaptic density (Fig. 2C). In groups 3
and 4, the density of synaptic puncta in
the motor cortex in the infarcted hemi-
sphere was higher than in the other non–

MSC-infused groups (Fig. 2D). Synaptic
density as studied in a defined area of
interest (Fig. 2A) was reduced for the 4
experimental groups compared with the
intact cortex (Fig. 2D). However, in
groups 2, 3, and 4, each group had
a greater synaptic density compared with
group 1, as summarized in Fig. 2D. The
group 4 showed the greatest increase in
synaptic density (Fig. 2D). These data
suggest that although rehabilitation and
MSC infusion each enhance synaptogen-
esis, the combined therapy has the great-
est effect.

Corpus Callosum Thickness
Quantification of the thickness of the CC
was evaluated by T2-weighted images

(see Method section) and revealed that
the CC was reduced in group 1 (group 1:
135.09�16.14 �m; intact animals:
329.67�16.81 �m; P�.01; Fig. 3). Cor-
pus callosum thickness was greater in
the other 3 interventional groups.
Although CC thickness was greater in the
group 2 compared with group 1 (group
2: 202.11�0.7 �m, P�.01; Fig. 3B),
both group 3 (272.34�44.72 �m) and
group 4 (313.81�28.65 �m) had greater
CC thickness than the group 2 (P�.01;
Fig. 3B). These data indicate that MSC
delivery alone or in combination with
rehabilitation preserves CC thickness.

Figure 2.
Synaptogenesis in the motor cortex in the infarcted hemisphere at layer III/IV was analyzed with a confocal microscopy. (A) Images were
obtained from a boxed area in the motor cortex in infarcted hemisphere. (B) Infused green flourescent protein-mesenchymal stem cells
GFP-MSCs (green) were present in the motor cortex in the infarcted hemisphere counterstained with DAPI (blue) 3 days after middle cerebral
artery occlusion (n�3). Green flourescent protein (green) was observed in the cytoplasm, and DAPI is stained nucleus. No green cells were
observed in these lesions after infusion of MSCs derived from wild-type Sprague-Dawley rats (inset). (C) Representative images of immu-
nohisotochemical study for synaptophysin from intact animals (C-1), group 1 (vehicle only) (C-2), group 2 (vehicle � exercise) (C-3), group
3 (MSCs only) (C-4), and group 4 (MSCs � exercise) (C-5). (D) Quantitative analysis of density of synaptic puncta in the intact and 4
experimental groups. * P�.05. ** P�.01. Scale bar�10 �m.
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Behavioral Analysis
To assess behavioral performance in the
4 experimental groups, the LPT was per-
formed at days 1, 14, and 35 after MCAO.
Before MCAO, LPT neurological scores
were similar among all animals, having a
value of about 16 (N�50). As tested
immediately before cell infusion, there
were equal deficits in LPT score among
the 4 experimental groups, with values
of about 2.0 (Fig. 4). In groups 3 and 4,
the improvements in scores were greater
over the recovery time course (14 and 35
days) compared with the non–MSC-
infused groups. Groups 2 and 3 showed
improved LPT scores compared with
group 1 at days 14 and 35, but group 3
showed greater improvement. Group 4

achieved the highest score at 35 days
compared with other 3 experimental
groups, indicating that the combination
of exercise and MSC treatment was more
effective than either alone. These results
are summarized in Figure 4.

Correlation Analysis of
Anatomical Change and
Behavioral Function
To determine whether there was a posi-
tive relationship between behavioral
function and both the density of synaptic
puncta and the thickness of CC obtained
from each animal from the intact group
and all experimental groups, we plotted
the LPT scores as a function of the syn-

aptic puncta (Fig.5A) and the thickness
of CC (Fig. 5B). A Pearson correlation
analysis indicated a significant positive
correlation of LPT scores versus density
of synaptic puncta (Pearson r�.92,
P�.01, n�29) and the thickness of CC
(Pearson r�.78, P�.01, n�29). The lin-
ear regression of these data is shown by
the solid line in Fig. 5A (y � 0.0783x �
0.0887) and Fig 5B (y � 19.423x �
80.46). Thus, the density of anatomical
changes evaluated synaptogenesis, and
the CC thickness was correlated with the
degree of functional improvements.
Taken together, these results suggest
that the degree of behavioral improve-
ment might be associated with the com-
bined therapy, whose (group 4) anatom-
ical changes were greatest compared
with the other experimental groups and
greater in the MSC groups (groups 3 and
4) compared with the non-MSC groups
(groups 1 and 2).

Discussion
The present study demonstrated that
combined therapy of daily rehabilitation
and intravenous infusion of MSCs 6
hours after permanent MCAO in the rat
resulted greater reduction in infarction
volume, improvement in behavioral per-
formance, and facilitation of synaptogen-
esis compared with either MSC or reha-
bilitation alone. These results are
consistent with previous studies show-
ing beneficial effects of bone marrow
cell transplantation in experimental cere-
bral ischemic models.3,5,20,22 Although
individually both rehabilitation and MSC
therapy showed efficacy, the effects
were greater in the group 4.

The mechanisms for the functional
recovery in stroke are not clear, but stud-
ies have demonstrated remapping of cor-
tical function, redistribution of neuronal
activity, cortical reorganization, and
rewiring of surviving circuits in experi-
mental cerebral infarction models and
clinical studies in patients with stroke
that may contribute to observed sponta-
neous recovery.33–36 This cortical plastic-
ity after cortical infarction has been
attributed to axonal sprouting and syn-
aptogenesis, which may be in response
to the facilitation of neurotrophic fac-
tors. In the present study, we observed
that combination therapy with daily

Figure 3.
(A) Corpus callosum thickness was measured at the midline with T2-weighted images.
(B) Quantitative results of corpus callosum thickness. Group 1�vehicle only, group 2�
vehicle � exercise, group 3�mesenchymal stem cells (MSCs) only, and group 4�MSCs �
exercise. * P�.01.
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rehabilitation and intravenous infusion
of MSCs significantly increased the
expression of synaptophysin in the
motor cortex in the infarcted hemi-
sphere, suggesting the facilitation of neu-
ronal remodeling in the cortex. The
increased thickness of the CC may be
from preservation of transcortical projec-
tions or possibly from enhanced struc-
tural rewiring between the hemispheres,
either of which might contribute to func-

tional improvement of the ischemic
stroke. Distribution of the intravenously
infused GFP-MSCs observed in the motor
cortex in the infarcted hemisphere might
contribute to the cortical plasticity
because the MSCs could potentially sig-
nal via trophic factors to cortical
neurons.37

Andres et al38 reported that rats after
MCAO with direct transplantation of
human neural stem cells into the
infarcted cortex had increased cortico-
striatal and corticothalamic projections
and corticospinal axonal rewiring from
the contralesional cortex, as evidenced
by anterograde axonal tracer methods. It
is conceivable that other tracts, includ-
ing transcallosal corticospinal and other
extrapyramidal pathways, could be
enhanced by the trophic influences of
the infused MSCs and lead to increased
functional activity. Clearly, more detailed
anatomical studies will be needed to
identify the enhanced neuronal circuits
in the central nervous system after MSC
therapy with daily rehabilitation and
intravenous infusion of MSCs.

Cell-based therapeutic approaches are
being considered for a number of neuro-
logical diseases, including stroke.8,9 Sug-
gested mechanisms include remodeling
of neural circuits, synaptogenesis, reduc-
tion of inflammatory infiltration and
demyelination, and elevation of trophic
factors that may be neuroprotective.23,39

We reported in an initial phase I/II clin-
ical trial in patients with stroke following
intravenous infusion of autologous
human MSCs that all patients received
formal rehabilitation (physical therapy,
occupational therapy, and speech ther-
apy), resulting in a trend of improvement
in patients with stroke.9 A cell-based
therapy with rehabilitation may have the
advantage of facilitating multiple thera-
peutic effects by MSCs at various sites
and times within the lesion, as the MSCs
respond to a particular pathological
microenvironment. In summary, our
results indicate that combined therapy of
daily rehabilitation and intravenous infu-
sion of MSCs improved functional out-
come in a rat MCAO model.

In conclusion, we examined whether
combination therapy of daily rehabilita-
tion and intravenous infusion of MSCs
improves functional outcome in a rat
stroke model. Functional recovery was
observed in the MSC-treated groups with
greatest recovery in the group that
received combined therapy and MSC
infusion. Reduction of stroke volume and
induced synaptogenesis might contrib-
ute to the functional improvements.

Figure 4.
Assessment of behavioral function with the Limb Placement Test (LPT). One day after middle
cerebral artery occlusion (MCAO), there was no statistical difference in LPT score among the
4 experimental groups. From day 14 on, groups 3 and 4 showed greater functional improve-
ment compared with groups 1 and 2, but group 4 showed more improvement compared
with group 3 at 35 days after MCAO. Group 1�vehicle only, group 2�vehicle � exercise,
group 3�mesenchymal stem cells (MSCs) only, and group 4�MSCs � exercise. * P�.01.

Figure 5.
(A) The increased expression of synaptic marker protein correlated well with increased Limb
Placement Test (LPT) scores, as illustrated by positive correlations between the density of
synaptic puncta and LPT scores (r�.92, P�.01). (B) The increased thickness of corpus
callosum (CC) correlated well with increased LPT scores, as illustrated by positive correlations
between the thickness of CC and LPT scores (r�.78, P�.01). Group 1�vehicle only, group
2�vehicle � exercise, group 3�mesenchymal stem cells (MSCs) only, and group 4�
MSCs � exercise.
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