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INTRODUCTION

For the last decades, there has been an intensive study of
methods for using stem cells in treating acute cerebral
infarction, with some cases of clinical application3). How-
ever, to achieve a therapeutic effect from the use of stem
cells in a brain that has been damaged extensively, as in
acute cerebral infarction, transplanted cells need to replace
nerve cells and establish adequate synapses to existing nerve
cells or create a favorable environment for the recovery of
existing damaged nerve cells and its connection. However,

when stem cells are transplanted in cerebral infarction
patients, it is still hard to measure the therapeutic effect,
and even while some patients may show improvement in
their symptoms, the mechanism is not clearly understood.

However, in patients with Moyamoya disease, which is a
chronic cerebral ischemic state, the brain damage can be
prevented through improving blood flow by applying various
kinds of direct or indirect revascularization. For indirect
revascularization, providing the dura mater, vessels, and
muscles, among others, to contact the surface of the brain,
induces neovascularization. Since the risk of this operation
is relatively lower than with direct anastomosis, it is usually
performed in childhood patients where the vessel to be
anastomosed is too small, or the general condition is poor.
However, indirect anastomosis is slower in improving blood
flow than direct anastomosis, and the effectiveness in angio-
genesis depends on the patient. VEGF is known to play an
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important regulatory role in angiogenesis5,19). In addition,
recent progress in stem cell research has led to laboratory and
clinical applications involving stem cell transplantation that
can accelerate angiogenesis in ischemic heart disease2,10,20,21)

and ischemic limb diseases11,12). This approach is based on
the phenomenon of stem cells increasing the expression of
VEGF when tissue is in an ischemic state.

Based on the results of previous research, we conducted
this study to see whether the intramuscular injection of stem
cells accelerates angiogenesis in an EMS operation, which is
a kind of indirect revascularization to treat chronic cerebral
ischemia in patients with Moyamoya disease. 

MATERIALS AND METHODS

All procedures were approved by the Institution Animal
Care and Use Committee of our hospital. Male Fisher rats
weighing between 180-200 g were chosen for this study and
anesthetized with ketamine (50 mg/kg) and xylazine (2.5
mg/kg) intraperitoneally.

The harvest and culture of BMSCs
After anesthetization and sterilization with alcohol and

povidine, fresh bone marrow was harvested aseptically from
femurs and tibias of Fisher rats. Using a 21 gauge needle
connected to a 5 mL syringe in the bone shaft, bone marrow
was flushed out with PBS (phosphate buffered saline).
Subsequent procedures were the same as the previous one24).
After 5 subcultures for 5 passages, the number of cells to be
transplanted was adjusted using a cytometer. For each
animal, a total of 100 µL and 1×106 cells were prepared
for transplantation.

Chronic cerebral ischemia rat model
Twenty male Fisher rats were either assigned to the BMSC

transplantation group (A) (n=12) or the control group (B)
(n=8). They were immobilized in the supine position, both
sides of the neck region were shaved and disinfected, and

then a vertical incision was made along the center. The
common carotid arteries on both sides were exposed, and a
ligation was performed with 3-0 silk. After the operation,
there was a 7-day recovery. 

BMSCs labeling
For the follow-up observation of injected cells, we labeled

the BMSCs obtained from the Fisher rats using PKH26
red fluorescent cell linker kit (PKH26; Sigma, St. Louis,
MO). We put 2×107 BMSCs in a 15 mL cone-shaped
tube, washed them with 10 mL PBS, centrifuged them
(200×g, 15 minutes), and obtained 25 µL of precipitate. To
the precipitate, we added 1 mL of Diluent C (Sigma) and
mixed well, and then we added 4×10-6 M of PKH26
staining reagent at room temperature for 5 minutes to
obtain a final volume of 2 mL of 2×107 BMSCs. In order
to stop the staining reaction, we added the same amount of
1% bovine serum albumin (BSA) and diluted it with the
same amount of 10% FBS DMEM. Then, the precipitate
was obtained through centrifugation (200×g, 10 minutes,
25˚C) and washing 3 times with PBS. After the donor cells
were labeled and before tran-splantation was confirmed
using a microscope, the BMSCs (1×106/100 µL per
individual) were injected directly into 3-4 sites of temporal
muscle during the EMS operation.

EMS operation 
Seven days after the operation to create Moyamoya rat

models, intraperitoneal anesthesia was performed using the
same method as for the BMSC transplantation group (A)
and the control group (B). A vertical incision was made on
the right-side temporal region and the temporal muscle was
reflected like a �-shape from the skull. A piece of skull
around 4 mm in diameter was removed from the temporo-
parietal region using an electric drill (Fig. 1). The dura
mater was removed carefully using micro forceps without
damaging the brain, and labeled BMSCs (1×106 cells/100
µL) were slowly injected into animals from the BMSC

transplantation group (A) and an
equivalent amount of culture solution
was slowly injected into animals from
the control group (B) at 3 to 4 sites of
temporal muscle using a Hemilton
syringe. Then the temporal muscle
and the skin were sutured.

Analysis of capillary density
Three weeks after the EMS oper-

ation, intraperitoneal anesthesia was
induced by the same methods as
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Fig. 1. A : The encephalomyosynangiosis operation is performed in the right temporo-parietal area
after 7 days of chronic cerebral ischemia. We perform a 4-mm diameter-sized craniectomy. B :
Schematic drawings showing the injection sites (X). 
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previously described, and the chest wall was incised so that
an 18-gauge needle could be inserted through the left
ventricle and positioned at the origin of the aorta, followed
by perfusion of physiological normal saline through the
needle. Immediately after the start of perfusion, the right
atrium was incised so that venous blood and the injected
physiolo-gical normal saline could drain out through the
incision. After about 200-300 mL of physiological normal
saline was injected, 300-400 mL of 4% formalin and India
ink at a ratio of 1 : 1 was perfused in order to fix the brain
and temporal muscle tissue. After the fixation, the scalp was
removed and a slice of right-side temporal muscle was
removed. Then, starting from the foramen magnum, we
removed the skull using a rongeur, and separated the brain
by cutting the cerebral nerves at the skull base. Based on
the site from which the skull was removed, the part around
-3.0 to -7.0 mm from the bregma according to the rat brain
atlas was cut along the coronal plane17). Tissues were fixed
in 4% formalin for over 8 hours and then submerged com-
pletely in 20% sucrose. The frozen temporal muscle was
sliced at a thickness of 15 µm and at intervals of 1 mm, with
3 slices for each individual. Using an optical microscope
(Nikon ECLIPSE TE300, Tokyo, Japan) and a magnifi-
cation of ×200, we counted the capillaries marked with
India ink at three sites per sample, and the results were
recorded as the capillary/muscle ratio for around 180
muscle cells.

Immunohistological staining and follow-up of
BMSCs

For immunological staining and follow-up observation of
BMSCs in the BMSC transplantation group (n=10) and
the control group (n=6), tissue slices were obtained through
frozen thin section by the same method as above 3 weeks
after the EMS operation, and the slices were dried at room
temperature for 1 hour, dipped in PBS for a short time,
and fixed with acetone for 5 minutes. The slices were dried
again at room temperature for 30 minutes, washed twice
with PBS, and incubated with 5% normal goat serum
(Sigma) at room temperature for 30 minutes. The 5%
normal goat serum was shaken off, and antibody against
VEGF (rabbit polyclonal anti-VEGF Ab, Santa Cruz Bi-
otechnology, Santa Cruz, CA) was diluted to 1 : 100 and
incubated at room temperature for 2 hours. After washing
the slices thoroughly with PBS, a FITC-conjugated secon-
dary antibody (goat anti-rabbit secondary IgG-FITC, Santa
Cruz Biotechnology) was diluted at 1 : 100 and reacted at
room temperature for 1 hour. Again, the slices were washed
thoroughly with PBS, the nucleus was stained with diamino-
2-phenylindole 2 HCL (DAPI; sigma) for contrast staining

and each sliced was analyzed under the microscope. 

Western blot analysis of VEGF
Three weeks after the EMS operation, anesthesia was

performed using the same methods as previously described
in the BMSC transplantation group (n=2) and the control
group (n=2), and then each rat’s head was removed. For
each group, the right-side temporal muscle was sliced in
sections 4×4 mm, centering on the part from which the
skull was removed. In addition, we obtained the right half
of the brain about 5 mm length along the coronal plane
centering on the part from which the skull was removed.
The brain was broken into pieces using a crusher, and the
cells were homogenized in a RIPA buffer solution (1%
Noidet P-40, 100 mM NACL, 20 mM Tris-HCL, 10 mM
Naf, 1 mM sodium orthovanadate, 30 nM Na-glycero-
phosphate, and protein inhibitor mixture). The protein
solution was centrifuged twice (10,000×g, 15 minutes,
4˚C), and a western blot was performed using the super-
natant. For protein quantification, a Bradford protein assay
was performed using a microplate reader (Model 680; Bio-
Rad laboratories, Hercules, CA) based on BSA as the
standard. Each protein solution containing 50 µg of protein
was electrophoresed on a 10% sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE). Then, the proteins were
transferred to polyvinylidene fluoride (PVDF) film and
blocked in 5% skim milk for 1 hour. The blots were then
incubated with an antibody against β-actin (1 : 1000 rabbit
polyclonal anti β-actin Ab, Santa Cruz Biotechnology) and
an antibody against VEGF (1 : 400 rabbit polyclonal anti-
VEGF Ab, Santa Cruz Biotechnology) at room tempera-
ture for 2 hours. We then incubated the blots with 1 : 5000
of the respective Horse-radish peroxidase (HRP)-conjugated
secondary antibodies (goat anti-rabbit secondary Ab, Santa
Cruz Biotechnology) at room temperature for 1 hour, and
the signal for each antibody was detected using an ECL kit
(Amersham Pharmacia Biotech, Piscataway, NJ) and
exposure to X-ray film. 

Statistical analysis
For statistical analysis of the difference in the capillary

/muscle ratios between the two groups, we performed the
Mann-Whitney test, which is a non-parametric test, using
SPSS 12.0. A p<0.05 was considered statistically significant.

RESULTS

Angiogenesis
The EMS operation was performed a week after the

induction of Moyamoya rat models, and the capillary/muscle
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ratio in the BMSC transplantation group and the control
group was examined 3 weeks after the EMS operation. The
capillary/muscle ratio was significantly higher in the BMSC
transplantation group (1.11±0.12) than in the control group
(0.97±0.63) (Mann-Whitney test, p=0.011) (Fig. 2).

Follow-up of injected BMSCs
We confirmed that most BMSCs were stained with

PKH26 before injection (Fig. 3). We then injected the
PKH26-labeled BMSCs into the temporal muscle, and after
3 weeks we observed PHK26-positive cells using a micros-
cope. In the temporal muscle tissue of the BMSC transpla-
ntation group, we observed PKH26-positive cells showing
red fluorescence among DAPI-stained nuclei, and some of
the PKH26-positive cells were VEGF-positive (Fig. 4). The
relative positions of the PKH26-positive cells with respect to
capillaries stained with India ink suggested that the injected
cells are not directly forming vessel walls, but were instead
mainly distributed around the vessels (Fig. 5). There were
no PKH26-positive cells in the temporal muscle tissue of
the control group, and only a few cells were VEGF-positive

(Fig. 6). In the brain tissues from the BMSC transplan-
tation group and control group, there were no PKH26-
positive cells, and only a few cells were VEGF-positive. 

Expression of VEGF
According to the results of the western blot analysis using

samples obtained 3 weeks after the EMS operation, the
brain tissues of the BMSC transplantation group and the
control group did not show a difference in the VEGF
expression. In addition, there was no significant difference
in the expression of VEGF in the temporal muscle between
the BMSC transpl-antation group and the control group
(Fig. 7). 

DISCUSSION

Stem cells are found in a variety of tissues. Since the disc-
overy that neurons are differentiated from adult BMSCs in
humans and rats, there has been remarkable progress in
research about the use of BMSCs for various neurological
diseases23). While clinical successes have been limited, Bang
and his colleagues have reported that they have achieved an
effect using bone marrow cells for the clinical treatment of
acute cerebral infarction3). Theoretically, however, to achi-
eve a therapeutic effect with stem cells in central nervous
system diseases such as cerebral infarction, the transplanted
cells would need to replace nerve cells and have adequate
synapses to existing nerve cells.

In contrast to other central nervous system diseases that
require synapses to complex nerve cells, ischemic heart dis-
eases and ischemic limb circulatory disorders can be treated
by increasing angiogenesis at ischemic sites. Kim et al.
reported that Buerger’s disease patients injected with
umbilical cord blood-derived stem cells in the proximal and
distal muscles and the subcutaneous tissue of their limbs,

Fig. 3. Identification of PKH26-labeled bone marrow stromal cells
before injection into the temporal muscle (Magnification ×200)

Fig. 2. A : The injection of BMSCs into the temporal muscle increase angiogenesis. Chronic cerebral ischemia is induced by bilateral common carotid
artery ligation, and BMSCs are injected into the temporal muscle 7 days after the induction. The capillary/muscle ratio is increased in the BMSCs
transplantation group compared to the control group (p=0.011). B and C : Photomicroscopic examination findings of the temporal muscles stained with
India ink and DAPI also shows increased angiogenesis in the BMSC transplantation group. (B) The temporal muscle of the BMSCs transplantation
group shows a more prominent capillary/muscle ratio than the (C) control group. The nuclear DNA is stained with DAPI (blue dot), and the capillary is
stained with India ink (black dot)(Magnification ×200). DAPI : diamino-2-phenylindole 2 HCL, BMSCs : bone marrow stromal cells.
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showed improvement in their symp-
toms and an increase in angiogen-
esis11). More active research has been
done on myocardial infarction pati-
ents to show that BMSC transpl-
antation can improve myocardial
perfusion and systolic function and
such improvements are probably
caused by myocardial regeneration
and angiogenesis related to stem
cells2,10,20,21). From a therapeutic point
of view, Moyamoya disease is similar
to ischemic heart disease, as well as
ischemic limb circulatory disorders.
Moyamoya disease does not require
neuron replacement and connections,
but only angiogenesis.

Embryologically, angiogenesis is
mediated by angioblasts during the
fetal period, but in adulthood, it is
mediated by bone-marrow-derived
endothelial progenitor cells1). Unlike
angiogenesis in the fetal period, ang-
iogenesis in adults involves external
factors such as genetic changes related
to hypoxia or the presence of a tumor,
and the expression of VEGF plays the
most important regulatory role5,19). If
brain tissue falls suddenly into an
ischemic state, the secretion of VEGF
in macrophages increases within sev-
eral hours and maintains a high level
in nerve cells, glia cells, and other cells
for around 10 days8,13,15). If brain tiss-
ue falls into a chronic cerebral isch-
emic state, the expression of VEGF
begins to increase at 24 hours and
reaches the peak in around a week,
and then decreases slowly for around
3 weeks and returns to the normal level
in around 90 days6). According to
Zentilin et al., even if brain tissue is
not in an ischemic state, the injection
of VEGF into tissue or the increase in
the expression of VEGF increases the
migration of cells from the bone mar-
row and accelerates angiogenesis25).

According to Grunewald and his
colleague, recruited bone-marrow-
derived circulating cells (RBCCs),
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Fig. 4. A : Double-labeled microphotographs for PKH26/VEGF at temporal muscle in the BMSC
transplantation group. B : Nuclear DNA is stained with DAPI (blue dot) for counter staining. C :
BMSCs labeled with PKH26 are visualized abundantly in the ipsilateral temporal muscle in the
BMSC transplantation group. PKH26 is added to the BMSCs as a reliable marker for the
identification of transplanted cells. D : Multiple VEGF-positive cells are found in the ipsilateral
temporal muscle of the BMSC transplantation group. Merged image from the same view as B and
C. Multiple VEGF-positive cells are co-localized with PKH26 positive cells (Magnification ×200).
VEGF : vascular endothelial growth factor, DAPI : diamino-2-phenylindole 2 HCL, BMSCs : bone
marrow stromal cells.
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Fig. 5. The localization of transplanted cells in the temporal muscle at the chronic cerebral ischemic
rat during encephalomyosynangiosis operation. A : Fluorescence-labeled BMSCs injected into the
temporal muscle at 7 days after induction of ischemia are examined by microscopy at 3 weeks after
the BMSCs injection. B : Without the fluorescence filter, the black dots represent vessels stained by
India ink among the muscle fibers. C : With the red fluorescence filter, multiple red fluorescence-
labeled cells are observed. Merged image from the same view as A and B. Fluorescence-labeled
cells are usually detected around the vessels, but not directly incorporated into the vessels
themselves (magnification ×200). BMSCs : bone marrow stromal cells.
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which are bone-marrow-derived monocytes that differ in
nature from endothelial progenitor cells, are involved in
angiogenesis5). It was reported that RBCCs recruited by
VEGF localize to vessels induced by stromal cell-derived
factor 1 (SDF-1) secreted from myofibroblasts around the
vessels and proliferate vascular endothelial cells. In addition,
it was reported that, unlike endothelial progenitor cells,
monocytes recruited by VEGF from the bone marrow are
not directly conjugated in angiogenesis, but rather stay
around existing cells and help their proliferation5,25). 

In our experiment, the results of histological examination
in the third week from the injection of the BMSCs into the
temporal muscle showed an increase in angiogenesis in the
temporal muscle compared to that in the control group.
The injected cells were distributed mainly in the temporal
muscle, and rather than directly forming vessel walls, they
existed around the vessel walls. Some of the injected cells
were VEGF-positive according to immunofluorescence
staining. The injected BMSCs were not directly conjugated
in angiogenesis, such as with the bone-marrow-derived
monocytes recruited by VEGF, but they provide a favorable
environment for angiogenesis through the paracrine effect,
like VEGF secretion around vessels5,25). In our experiment,
angiogenesis increased but there was no significant differ-
ence found in VEGF expression by western blot. This
suggests that the expression of VEGF is already elevated in
brain tissue that is in a chronic ischemic state and in the
temporal muscle on which EMS was performed. Thus, 3

weeks after the injection of BMSCs,
the expression of VEGF might not be
much different from that in the control
group. However, there were many
VEGF-positive cells by immunofluo-
rescence staining, and some of them
were tagged with PKH26, suggesting
that the effect of the injected BMSCs
lasted for over 3 weeks. Also, in add-
ition to the direct effect of VEGF in
angiogenesis caused by the injection
of BMSCs, there may be other factors
such as SDF-1, which is secreted from
the myofibroblasts or vascular endo-
thelial cells, or metalloproteinase-9,
which is secreted from bone marrow
cells9). 

The acceleration of angiogenesis in
the corresponding temporal muscle
was confirmed, but no notable differe-
nce was observed in the brain tissue.
This is probably because the effect of

enhanced angiogenesis had not reached the brain tissue
within the 3-week period following the EMS operation and
the injection of BMSCs. Thus, longer observation is
considered necessary in future research. A large number of
BMSCs may be required to facilitate angiogenesis in the
brain. Simultaneous transplantation of BMSCs at adjacent
areas of the brain might be beneficial. Therefore, dosing
strategies and identification of transplantation sites need
further development. Moreover, cerebral blood flow studies
including single-photon emission computerized tomography
(SPECT) and functional recovery of the brain following
BMSC transplantation also warrant future research.

The expression of VEGF in ischemic tissue is accelerated
by the direct injection of VEGF protein7), gene therapy
using vehicle such as plasmid and virus14,22), cell therapy
using endothelial progenitor cells or BMSCs2,3,8,10,12,20,21), or
combined therapy using two or more of the above therapies.
In the method of direct protein injection, however, because
protein has a short half-life, it should be injected at a
relatively high concentration several times, and this may
cause side effects such as edema and hypotension18). In
addition, gene therapy using a vehicle is not safe for direct
application to patients. However, with respect to cell therapy
using the patient’s own bone marrow, and particularly for
Moyamoya disease patients, treatment can be safe and
effective by transplanting autologous BMSCs into the
corresponding muscle during EMS operation. 

Unlike other central nervous system diseases, Moyamoya
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Fig. 6. Double-labeled microphotographs for PKH26/VEGF at temporal muscle in the control
group. A : Nuclear DNA is stained with DAPI (blue dot) for counter staining. B : Some VEGF-positive
cells are found in the temporal muscle of the control group (Magnification ×200) VEGF : vascular
endothelial growth factor, DAPI : diamino-2-phenylindole 2 HCL.
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Fig. 7. Western blot demonstrating VEGF protein expression in the ipsilateral temporal muscle (A)
and in the brain (B) after the encephalomyosynangiosis operation. A single band around 45 Kd is
detected with rabbit polyclonal antibody against VEGF in the brain, and a double band is detected
around 40 Kd in muscle. Both muscles and brain tissue show no definite difference in levels of
expression. VEGF : vascular endothelial growth factor.
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disease is similar to ischemic heart diseases and ischemic
limb circulatory disorders in terms of therapy because
cerebral blood flow is improved by increasing angiogenesis
through collateral circulation in brain tissue that is in a
chronic cerebral ischemic state. Accordingly, Moyamoya
disease is a good first candidate to test in research on cell
therapy treatment of central nervous system diseases.

CONCLUSION

The present study obtained and subcultured BMSCs cells
from rats of the same species without cell-mediated immune
responses and injected the BMSCs directly into the temporal
muscle of chronic cerebral ischemia model rats during an
EMS operation. Three weeks after the injection, angiogenesis
in temporal muscle was accelerated and histology revealed
that some of the injected BMSCs were VEGF-positive.
Further study is necessary to determine the effective number
of cells injected, the pattern of temporal change in VEGF,
and the pattern of angiogenesis in the brain tissue.
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