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Abstract

Intravenous delivery of mesenchymal stem cells (MSCs) prepared from bone marrow (BMSCs)
reduces infarction volume and ameliorates functional deficits in a rat cerebral ischemia model. MSC-
like multipotent precursor cells (PMSCs) have also been suggested to exist in peripheral blood. To
test the hypothesis that treatment with PMSCs may have a therapeutic benefit in stroke, we compared
the efficacy of systemic delivery of BMSCs and PMSCs. A permanent middle cerebral artery
occlusion (MCAO) in rat was induced by intraluminal vascular occlusion with a microfilament. Rat
BMSCs and PMSCs were prepared in culture and intravenously injected into the rats 6 h after MCAO.
Lesion size was assessed at 6 h, and 1, 3, and 7 days using MR imaging and histology. The
hemodynamic change of cerebral blood perfusion on stroke was assessed the same times using
perfusion-weighted image (PWI). Functional outcome was assessed using the treadmill stress test.
Both BMSCs and PMSCs treated groups had reduced lesion volume, improved regional cerebral
blood flow, and functional improvement compared to the control group. The therapeutic benefits of
both MSC-treated groups were similar. These data suggest that PMSCs derived from peripheral blood
could be an important cell source of cell therapy for stroke.
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INTRODUCTION

Transplantation of mesenchymal stem cells (MSCs) derived from bone marrow (BMSCs) after
ischemia onset can reduce infarction size and improve functional outcome in rodent cerebral
ischemia models (Chen et al., 2001; Honma et al., 2006; Horita et al., 2006; lihoshi et al.,

2004; Liuetal., 2006; Nomura et al., 2005). Improved function after BMSCs delivery has also
been reported in experimental model of spinal cord injury (Chopp et al., 2000). Although MSCs
can differentiate into cells of neuronal and glial lineage under appropriate conditions (Honma
et al., 2006; Kobune et al., 2003; Liu et al., 2006; Prockop, 1997; Woodbury et al., 2000), the
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beneficial effects of MSCs in cerebral ischemia are thought to be primarily the result of
angiogenesis and neuroprotective effects (Chen et al., 2001; Horita et al., 2006; Liu et al.,
2006; Nomura et al., 2005). Exogenously applied MSCs have been shown to home to injured
tissues and repair them by producing chemokines, differentiating into specific cell types, or
possibly by cell or nuclear fusion with host cells (Prockop et al., 2003).

Multipotent precursor cells have also been suggested to exist in peripheral bloods. Normal
individuals had CD34~ mononuclear cells in a fraction of elutriated blood cells that fulfilled
criteria for mesenchymal stem cells (Huss et al., 2000; Zvaifler et al., 2000). These cells can
be expanded in culture and have a capacity for differentiation into fibroblast, osteoblast, and
adipocyte lineages.

While intravenous injection of BMSCs reduces infarction size and improves functional
outcome in a rat stroke model (Honma et al., 2006; Horita et al., 2006; Liu et al., 2006; Nomura
et al., 2005), the therapeutic benefit of MSC-like multipotent precursor cells derived from
peripheral blood (PMSCs) transplantation in cerebral ischemia is still uncertain. In the present
study, we isolated and expanded PMSCs from rat peripheral blood. PMSCs and BMSCs were
delivered intravenously in a cerebral ischemia model to compare the relative efficacy of these
two types of MSCs on infarction size, cerebral blood flow and functional outcome.

METHODS

Preparation of Mesenchymal Stem Cells Prepared from Rat Bone Marrow

The use of animals in this study were approved by the animal care and use committee of
Sapporo Medical University, and all procedures were carried out in accordance with
institutional guidelines. Bone marrow was obtained from femoral bones of adult Sprague—
Dawley rats weighing 200-250 g. Rats were anesthetized with ketamine (50 mg/kg) and
xylazine (10 mg/kg) i.p. A small hole (2 x 3 mm) in the femoral bone was made with an air
drill following skin incision (1 cm), and 0.5 mL of bone marrow was aspirated with an 18-
gauge needle. Bone marrow (0.5 mL) was mixed with 10 mL of Dulbecco’s Modified Eagle
Medium (DMEM; Sigma, USA St. Louis, MD) + 10% FBS (Gibco, USA) + 0.2 mM L-
glutamine (Sigma, USA) + penicillin/streptomycin (Sigma, USA) solution, plated in 100-
cm? plastic tissue culture flasks, and incubated for 3 days. After washing away the free cells,
the adherent cells were cultured in the same medium in a humidified atmosphere of 5% CO,
at 37°C. After reaching confluence, they were harvested and cryopreserved as primary BMSCs.

Preparation of Mesenchymal Stem Cells Derived from Rat Peripheral Blood

Peripheral blood was obtained from adult Sprague—Dawley rats weighing 200-250 g. Rats
were anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg) i.p. Peripheral blood (7-
10 mL) was aspirated from vena cava superior with an 18-gauge needle. The peripheral blood
was mixed with 30 mL of red blood cell (RBC) lysis solution (Gentra Systems, Minneapolis,
MN), was reacted for 5 min at room temparature, and was centrifuged at 3500 rpm for 2 min.
The RBC lysate supernatant was poured off, and the mononuclear cell fraction was resuspended
with DMEM + 10 % FBS + 0.2 mM L-glutamine + penicillin/streptomycin solution. Cells
were plated in 100-cm? plastic tissue culture flasks, and the adherent cells were cultured in the
same medium in a humidified atmosphere of 5% CO, at 37°C. After reaching confluence, they
were harvested and cryopreserved as PMSCs.

Phenotypic Characterization of the Primary BMSCs and PMSCs

Flow cytometric analysis of BMSCs and PMSCs was performed as previously described
(Honma et al., 2006; Liu et al., 2006). Briefly, cell suspensions were washed twice with PBS
containing 0.1% bovine serum albumin (BSA). For direct assays, 1 million cells were incubated
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with FITC-conjugated CD45 (Leukocyte Common Antigen; BD Bioscience pharmingen, San
Jose, CA), and PE-conjugated CD73 (Ecto-5"-nucleotidase; BD Bioscience Pharmingen), PE-
CD90 (Thy-1; eBioscience, San Diego, CA), and PE-CD106 (VCAM-1; BD Bioscience
pharmingen) at 4°C for 30 min, and then washed twice with PBS containing 0.1% BSA. The
cells were analyzed by cytometric analysis using a FACSCalibur flow cytometer (Becton
Dickinson) with the use of CellQuest software.

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 (Longa et al., 1989; Nomura et al., 2005). Adult female Sprague-Dawley rats
weighing 250-300 g were initially anesthetized with ketamine (50 mg/kg) and xylazine (10
mg/kg) i.p. A length of 20.0-22.0-mm 4-0 surgical suture (Dermalon, Sherwood Davis and
Geck, UK), 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
middle cerebral artery (MCA).

Transplantation Procedures

Experiments consisted of three groups (n = 85). In group 1 (control), rats were given medium
alone (without donor cell administration) injected i.v. at 6 h after MCAO (just after the initial
magnetic resonance imaging [MRI] measurement; n = 15). In group 2, rats were given rat
BMSCs (1.0 x 10°) in 1 mL of total fluid volume (DMEM) injected i.v. at 6 h after MCAO
(n = 15). In group 3, rats were given rat PMSCs (1.0 x 106) injected i.v. at 6 h after MCAO
(n=15). All rats were daily injected with cyclosporine (10 mg/kg) i.p. Five rats in each group
were used to calculate the infarct lesion volume, and the remaining rats were used for the
additional histological, behavior, and other analysis.

In some experiments, Adex1CAlacZ adenovirus was used to transduce the LacZ gene into the
MSCs. Details of the construction procedures are described elsewhere (lihoshi et al., 2004;
Nakagawa et al., 1998; Nakamura et al., 1994; Takiguchi et al., 2000). This adenoviral vector
carries an adenovirus serotype-5 genome lacking the E1A, E1B, and E3 regions to prevent
virus replication, and contains the Escherichia coli 5-galactosidase gene, lacZ gene, between
the CAG promoter, composed of the cytomegalovirus enhancer plus the chicken g-actin
promoter, and the rabbit s-globin polyadenylation signal in the place of the ELA and E1B
regions. The recombinant adenovirus was propagated and isolated in 293 cells. Viral solutions
were stored at —80°C until use. For in vitro adenoviral infection, 1.0 x 10° rat MSCs were
placed with Adex1CAlacZ at a multiplicity of infection (MOI) of 50 pY/cell for 1 h and
incubated at 37°C in DMEM containing 10% fetal calf serum (FCS).

Magnetic Resonance Imaging

Rats were anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg) i.p. The femoral
vein of rats was cannulated for contrast agent injection. Each rat was placed in an animal holder/
MRI probe apparatus and positioned inside the magnet. The animal’s head was held in place
inside the imaging coil. All MRI measurements were performed using a 7-Tesla, 18-cm-bore
superconducting magnet (Oxford Magnet Technologies) interfaced to a UNITYINOVA
console (Oxford Instruments, UK, and Varian, Inc., Palo Alto, CA).

To-weighted images (ToWI) were obtained from a 1.0-mm-thick coronal section with a 0.5-
mm gap using a 30 mm x 30 mm field of view, TR = 3000 msec, TE = 37 msec, and
reconstructed using a 256 x 128 image matrix. Diffusion-weighted images (DWI) were
obtained at the same condition as T,WI except b value (b value = 966) and image matrix (128
x 128). Accurate positioning of the brain was performed to center the image slice 5 mm
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posterior to the rhinal fissure with the head of the rat held in a flat skull position. MRI
measurements were obtained 6 h, 1, 3, and 7 days after MCAO.

The ischemic lesion area was calculated from both ToWI and DWI using imaging software
(Scion Image, Version Beta 4.0.2, Scion Corp.), based on the previously described method
(Neumann-Haefelin et al., 2000; Nomura et al., 2005). For each slice, the higher intensity
lesions in both T2WI and DWI where the signal intensity were 1.25 times higher than the
counterpart in the contralateral brain lesion were marked as the ischemic lesion area, and infarct
volume was calculated taking slice thickness (1 mm/slice) into account.

Dynamic Susceptibility Contrast-Enhanced Perfusion-Weighted Imaging (PWI)

Perfusion-weighted imaging (PWI) was acquired using To*-weighted (TR = 13 msec, TE =
6.0 msec) gradient echo sequence. A dynamic image series of 30 measurements resulted in a
total scan time of 26 sec, with a field of vision (FOV) of 30 mm, and image acquisition matrix
of 128 x 64, which was interpolated by zero-filling to 512 x 512. During the dynamic series,
atriple dose (0.6 mL/kg) bolus injection of Magnevist (Schering AG, Germany) was started
after the 5t acquired volume to ensure a sufficient pre-contrast baseline. Images were
reconstructed by an Inova Vision. PWI measurements were obtained 6 h, 1, 3, and 7 days after
MCAO. For the PWI and PWI-derived parameter maps, only one representative slice
(involving cortex and stria terminalis) with the maximum lesion involving both cortex and
striatum was chosen for cerebral blood flow (CBF) quantification. The readout of abnormal
regional CBF (rCBF) from the regions of perfusion deficiency as a percentage of that measured
in the contralateral brain was generated using Perfusion Solver software. Regions of interest
(ROI) consist of four groups, based on the results of DWI, ToWI, and PWI. ROI-1 is defined
as abnormal in all images, ROI-2 as normal in only T,WI and abnormal in others, and ROI-3
as abnormal in only PWI and normal in others, and ROI-4 as normal in all images (see Fig. 5
below).

Histological Analysis

TTC staining and quantitative analysis of infarct volume—One week after
transplantation, the rats were anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg)
i.p. The brains were removed carefully and dissected into coronal 1-mm sections using a
vibratome. The fresh brain slices were immersed in a 2% solution of 2,3,5-triphenyl tetrazolium
chloride (TTC) in normal saline at 37°C for 30 min (Bederson et al., 1986). The cross-sectional
area of infarction in each brain slice was examined with a dissection microscope and was
measured using an image analysis software (Adobe Photoshop). The total infarct volume for
each brain was calculated by summation of the infracted area of all brain slices.

Hematoxylin and Eosin staining—The rats were anesthetized with ketamine (50 mg/kg)
and xylazine (10 mg/kg) i.p. and perfused through the heart, first with phosphate-buffered
saline (PBS), and then with a fixative solution containing 10% paraformaldehyde in 0.14 M
Sorensen’s phosphate buffer, pH 7.4. Brains were removed and placed in 10%
paraformaldehyde in PBS overnight, dehydrated, and embedded in paraffin. Transverse
sections (1.5 um) were cut, and were counter-stained with hematoxylin and eosin (H&E).

Detection of Donor MSCs and Phenotypic Analysis In Vivo

X-gal staining—One week after transplantation, brains of the deeply anesthetized rats were
removed and fixed in 0.5% glutaraldehyde in PBS for 1 h. Brains were removed, brain slices
(1000 um) were cut with a vibratome, and S-galactosidase expressing cells were detected by
incubating the sections at 37°C overnight with X-gal to a final concentration of 1 mg/mL in
X-Gal developer (35 mM K3zFe(CN)g/35 mM K4Fe(CN)g3H,0/2 mM MgCl, in PBS) to form
a blue reaction product within the cell.
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Immunohistochemistry—One week after transplantation, analysis of the transplanted cells
in vivo was carried out using laser scanning confocal microscopy. Brains of the deeply
anesthetized rats were removed, fixed in 4% paraformaldehyde in PBS, dehydrated with 30%
sucrose in 0.1 M PBS for overnight, and frozen in powdered dry ice. Coronal cryostat sections
(10 um) were processed for immunohistochemistry. To identify the cells derived from the donor
peripheral blood, immunolabeling studies were performed with the use of antibodies to beta-
galactosidase (rhodamine-labeled polyclonal rabbit anti-beta-galactosidase antibody; DAKO).
To excite the rhodamine fluorochrome (red), a 543-nm laser line from a HeNe laser was used.
Confocal images were obtained using a Zeiss laser scanning confocal microscope with the use
of Zeiss software.

Capillary Vessels in Ischemic Brain

To examine capillary vessels in ischemic brain, fluorescein isothiocyanate (FITC) dextran (2
x 108 molecular weight, Sigma; 0.1 mL of 50 mg/mL) was administered intravenously to the
ischemic rats subjected to 7 days of MCAO. Brains were removed, and brain slices (100 xm)
were cut with a vibratome. To excite the FITC (green), a 488-nm laserline generated by an
argon laser was used. Confocal images were obtained using a Zeiss laser scanning confocal
microscope with the use of Zeiss software, and vessel volumes were measured in the three
dimensions using the software of Zeiss LSM.

Treadmill Stress Test

Rats were trained 20 min per day for 2 days a week to run on a motor-driven treadmill at a
speed of 20 m/min. Rats were placed on a moving belt facing away from the electrified grid
and induced to run in the direction opposite of the movement of the belt. Thus, to avoid foot-
shocks (with intensity in 1.0 mA), the rats had to move forward. Only the rats that had leaned
to avoid the mild electrical shock were included in this study (n = 15). The maximum speed at
which the rats could run on a motor-driven treadmill was recorded.

Statistical Analysis

RESULTS

The lesion volume, the rCBF ratio, the capillary vascular volume, and the behavior scores
(treadmill stress test) recorded were statistically analyzed. Data are presented as mean values
+ SD. Differences among groups were assessed by analysis of variance (ANOVA) with
Scheffe’s post hoc test or Kruskal-Wallis test to identify individual group differences.
Differences were deemed statistically significant at p < 0.05.

Characteristics of BMSCs and PMSCs

BMSCs and PMSCs cultured as plastic adherent cells could be maintained in vitro. The
morphological features of the BMSCs are shown in Figure 1A. Characteristic flattened and
spindle-shaped cells can be recognized. An antigenic characteristic feature of BMSCs is a
CD45-, CD73*, CD90", CD106™ cell surface phenotype (Fig. 1C). The morphological (Fig.
1B) and antigenic (Fig. 1D) characteristics of PMSCs are very similar to those of BMSCs.

Characterization of Ischemic Lesion Size by Magnetic Resonance Image Analysis

An estimate of lesion size was obtained using in vivo MRI. Brain images (DWI and T,WI)
were collected from all experimental animals at 6 h, and 1, 3, and 7 days after MCAO. The
cells were intravenously delivered immediately after the 6-h MRI. The upper row in Figure
2A corresponds to 6-h DWI post-MCAO for control (A1), BMSCs (B1), and PMSCs (C1)
injected rats. Respective images are shown at 1, 3, and 7 days for each group. These coronal
forebrain sections were obtained at the level of caudato-putamen complex. Note the reduction
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in density in lesions on the right side of the brains that were subjected to ischemic injury. Lesion
volume (mm?3) was determined by analysis of high intensity areas on serial images collected
through the cerebrum.

At 6-h post-MCADO, lesion volume of DWI was similar for the three groups (Fig. 2D). Lesion
volume increased at 1 day, but was less for both the BMSC and PMSC groups. The control
lesion group showed a reduced lesion volume at 3 and 7 days, but the MSC groups showed
greater reduction in lesion volume (Fig. 2D).

Using ToWI (Fig. 3), infarction volume was similar in the three groups at 6-h post-MCAO
(Fig. 3D). Both the BMSC and PMSC injected groups showed reduced lesion volume at 1, 3,
and 7 days post-MCAO.

A difference between DWI and ToWI was observed. Lesion volume decreased after 1 day in
the three groups in the DWI analysis. Using T,WI, lesion volume increased from 1 to 3 days.
However, the BMSC and PMSC groups showed reduced volumes in both DWI and T,WI
analysis.

Histological Determination of Infarction Volume

After completion of the MRI analysis to estimate lesion volume, before and after cell delivery,
the animals were perfused and stained with TTC to obtain a second independent measure of
infarction volume. Normal brain (gray matter) tissue typically stains with TTC, but infracted
lesions show no or reduced staining (Bederson et al., 1986). TTC staining that was obtained 1
week after MCAO without cell transplantation is shown in Figure 4A-1. Note the reduced
staining on the lesion side. Lesion volume was calculated by measuring the area of reduced
TTC staining in the forebrain. As with MRI analysis, there was a progressive reduction in
infarction size with both BMSCs (Fig. 4A-2) and PMSCs (Fig. 4A-3) treatment. Lesion volume
was 263.0 + 35.26 mm3 (control group; n = 5), 180.0 + 5.89 mm3 (BMSCs transplantation;

n =5), and 185.86 + 19.12 mm?3 (PMSCs; n = 5, p < 0.05).

H&E-stained sections from the sham lesion cortex (Fig. 4B-1), and cortex from BMSCs (Fig.
4B-2) and PMSCs (Fig. 4B-3) groups indicated more neuron preservation and fewer small,
round, and extensively stained cells were present in the cell infusion groups. These cells are
apparently inflammatory cells, but their precise nature was not determined.

Identification and Characterization of Donor Cells In Vivo

LacZ-transfected BMSCs and PMSCs that had been i.v. administered (1.0 x 10° cells) at 6 h
after MCAO were identified in vivo. Transduction efficiency of the LacZ gene with the present
protocol was over 90% in vitro. The LacZ-expressing MSCs were found primarily in the lesion.
The transmitted light images in the LacZ-transfected BMSCs and PMSCs are shown in Figures
4C-2 and 4C-3, respectively. Note the abundance of LacZ-positive blue-cellular-like elements
in and around the lesion, indicating that systemic deliver of both types of cells reached the
lesion site. There was a paucity of blue staining in the non-treated group (Fig. 4C-1).
Immunohistochemical studies were carried out to identify LacZ-positive cells in and around
the lesion zone in animals transplanted with LacZ-transfected MSCs. The microphotographs
of BMSCs (Fig. 4D-2) and PMSCs (Fig. 4D-3) demonstrated a large number of LacZ-positive
cells in the lesion. The numbers of LacZ-positive cells were obtained from one section per rat,
and five separated rats (n = 5) were analyzed, demonstrating a large number of LacZ-positive
cells (300 + 30 cellssmm3, n = 5) in the penumbra lesion in PMSC-treated rats, which were
very similar to those (29 + 77 cellssfmm3, n = 5) in the BMSC-treated rats, although there was
virtually no LacZ-positive cells in the non-treated group (Fig. 4D-1).
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The density of LacZ-positive cells estimated from the immunohistochemical analysis was
about 300 cells/mm3 in the lesion. Transduction efficiency of Lac-Z gene was about 90%.
Infarcted volume was about 200 mm3. The number of intravenously injected cells was 10°
cells. Thus, the percentage of intravenously injected cells accumulating in the lesion was about
6.7%.

Dynamic Susceptibility Contrast-Enhanced PWI

The PWI-derived parameter maps to assess rCBF allowed further quantitative analysis for the
hemodynamic changes of the lesions. Figure 6A—C shows images obtained at 6 h (row 1), 1
day (row 2), 3 days (row 3), and 7 days (row 4). Control, and BMSC- and PMSC-injected
groups are in columns A, B, and C, respectively.

The four ROI for the analysis are shown in Figure 5. The severity of the lesion was greatest in
ROI-1, and progressively less in ROI-2 through ROI-4. A rCBF ratio was calculated at each
ROI from PWI obtained in the infarction hemisphere divided by that of the non-infarcted
hemisphere. In ROI-1, the rCBF ratio of control, BMSC-treated, and PMSC-treated groups
was similar and decreased to less than 20% at 6-h post-MCAOQO, and remained low at 3 and 7
days (Fig. 6D). The rCBF ratio in ROI-2 of the three groups was similar at 6 h, and 1 and 3
days post-MCAO. However, the rCBF ratio of both BMSC-treated and PMSC-treated groups
was increased at 7 days after MCAO as compared to control (Fig. 6E). The rCBF ratio in ROI-3
was similar for the three groups at 6 h, and 1 and 3 days, but again the MSC groups had a
greater rCBF ratio at 7 days (Fig. 6F). In ROI-4, the rCBF ratio slightly decreased in all groups
at all time points, but not more than 20% (Fig. 6G).

Analysis of Capillary in Confocal Images

To examine whether the administration of BMSCs and PMSCs induces angiogenesis, three-
dimensional analysis of capillary vessels in the lesion was performed using Zeiss LSM5
PASCAL software. Figure 7A shows the three-dimensional capillary image in the normal rat
brain. The capillary vascular volume in ROI-3 at 7 days after MCAO was increased in both
BMSC-treated (Fig. 7C) and PMSC-treated groups (Fig. 7D) compared to the medium-treated
group (Fig. 7B). The capillary vascular volume was expressed as a ratio by dividing that
obtained from the ischemic hemisphere by that of the contralateral control hemisphere. The
ratio was significantly higher in both the BMSC-treated (0.62 + 0.05, n = 5; p < 0.05) and the
PMSC-treated (0.61 + 0.05, n = 5; p < 0.05) groups as compared to the medium-treated group
(0.30+£0.02, n =5).

Functional Analysis

To access behavioral performance in the lesioned and transplanted animals, the treadmill stress
test was used (Fig. 8). Behavioral testing began 24 h after lesion induction alone or with cell
transplantation. In the treadmill stress test, control animals (no lesion) reach a maximum
treadmill velocity of about 70 m/min.2 At 24 h after MCAO without transplantation, maximum
velocity on the treadmill test was 10.0 + 6.54 m/min (n = 5). Non-treated animals showed
increased treadmill velocity with slow improvement up to 7 days (20.8 + 10.9 m/min, n = 5).
In both BMSCs and PMSCs transplantation groups, the improvement in velocity was greater
over the time course up to 7 days.

DISCUSSION

The present study demonstrates that intravenous infusion of MSCs, derived from either bone
marrow or peripheral blood, at 6 h after permanent MCAOQ in the rat results in reduction in
infarction volume, improvement in cerebral blood flow, induction of angiogenesis, MSC
accumulation in the ischemic brain, and improvement in behavioral performance. These results
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are consistent with previous studies showing beneficial effects of BMSCs on cerebral infarction
(Chen et al., 2001; Horita et al., 2006; Liu et al., 2006; Nomura et al., 2005), but additionally
demonstrate that MSCs derived from peripheral blood show similar efficacy.

A characteristic feature of the BMSCs derived from rat bone marrow in this study is a
CD457, CD73*, CD90*, CD106™ cell surface phenotype, which is consistent with previous
studies (Rochefort et al., 2005). PM-SCs derived from peripheral blood expressed a similar
pattern of cell surface antigens and cellular morphology (flattened and spindle-shaped adherent
cells) in culture, suggesting similarity of the two cell populations.

Precursors that fulfilled criteria for mesenchymal stem cells are present in the peripheral blood
of humans (Villaron et al., 2004; Zvaifler et al., 2000) and dogs (Huss et al., 2000) can be
mobilized by granulocyte colony stimulating factor (G-CSF) (Tondreau et al., 2005).
Intravenous injection of G-CSF mobilized peripheral blood mononuclear cells in rat MCAO
models, resulting in therapeutic benefits (Willing et al., 2003). These results are consistent with
our observations that PMSCs derived from peripheral blood, expanded in culture and
intravenously infused contributed to the therapeutic benefits in the rat MCAO model. While
G-CSF showed some beneficial effects (Willing et al., 2003), the relatively large effect we
observed may have resulted from the administration of a large number of isolated and cultured
MSCs.

The mechanisms of therapeutic benefits of MSCs transplantation for stroke, which are not
completely understood, may result from neuroprotection and angiogenesis (Chen et al.,
2001; Horita et al., 2006; Liu et al., 2006; Nomura et al., 2005). A number of neurotrophic
factors have been reported to have therapeutic effects on cerebral infarction (Hirouchi and
Ukai, 2002). These include BDNF, GDNF, NGF, EGF, and bFGF (Chen et al., 2002; Kurozumi
etal., 2004). Mechanisms proposed for the neuroprotective effect of these agents include anti-
apoptotic activity, free radical scavenging, anti-inflammatory activity, and anti-glutamate
excitotoxicity (Hirouchi and Ukai, 2002). Recent reports using olfactory ensheathing cell
(OEC) transplantation in the injured spinal cord demonstrate that OECs may confer a neuro-
protective effect on corticospinal tract neurons projecting through the injured spinal cord
(Sasaki et al., 2006). Indeed, beneficial effects of cell transplantation of a variety of cell types
may operate through common mechanisms. Transplanted cells may provide neurotrophic
support for endogenous cell survival (Kurozumi et al., 2004), but additionally may contribute
to neural repair by, for example, remyelination (Akiyama et al., 2001; Honmou et al., 1996;
Inoue et al., 2003; Kato et al., 2000; Keirstead et al., 1999; Oka et al., 2004; Pluchino et al.,
2005; Sasaki et al., 2001).

An advantage of BMSCs and PMSCs for transplantation studies is that they can be easily and
safely obtained in large numbers from autologous bone marrow aspirates or blood. The prospect
that intravenous delivery of these cells could lead to a global neuroprotection with subsequent
repair such as remyelination is intriguing and should be further explored.

MSC:s also provide several angiogenic growth factors such as VEGF and bFGF (Hamano et
al., 2000; Liu et al., 2006), which may prevent endothelial cells from ischemic damage or
stimulate angiogenesis. These cells produce soluble mediators that down-regulate immune
responses that could also contribute to neuroprotection (Bernstein and Shearer, 1988). In the
present study, hemodynamic changes of cerebral blood flow after MCAQ with and without
MSCs transplantation were analyzed by PWI. While both control and MSCs transplantation
groups showed improvement of rCBF in the lesion, recovery of rCBF was greater in the MSC
transplantation groups than control groups. Moreover, histological examination of capillary
vessels in ischemic lesion indicated that MSCs transplantation group showed greater
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angiogenesis. These data suggest that the improvement of cerebral blood perfusion plays an
important role in the mechanism of therapeutic effects of MSC transplantation.

Cell-based therapeutic approaches are being used in clinical studies for a number of
neurological diseases, including Krabbe’s disease (Escolar et al., 2005), Hurler’s syndrome
(Staba et al., 2004), metachromatic leukodystrophy (Koc et al., 2002), and stroke (Bang et al.,
2005). Improved neurological function in experimental autoimmune encephalomyelitis (EAE)
has been reported following intravenous infusion of human MSCs and neurosphere-derived
multipotent precursors (Pluchino et al., 2003; Zhang et al., 2005). Suggested mechanisms
include reduction of inflammatory infiltration, remyelination, and elevation of trophic factors
that may be neuroprotective or stimulate oligodendrogliosis. A systemically delivered cell-
based therapy may have the advantage of exerting multiple therapeutic effects at various sites
and times within the lesion as the cells respond to a particular pathological microenvironment.
PMSC:s or their precursors exist in peripheral blood in normal individuals and proliferate in
culture (Zvaifler et al., 2000), which suggests the prospect of future use of PMSC for clinical
studies in stroke. Thus, autologous peripheral blood might provide an important source of stem/
precursor cells for clinical use.
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FIG. 1.

May-Giemsa staining of BMSCs (A) and PMSCs (B). Scale bar = 20 um. Flow cytometric
analysis of surface antigen expression on BMSCs (C) and PMSCs (D). The cells were
immunolabeled with FITC-conjugated and PE-conjugated monoclonal antibody specific for
the indicated surface antigen. Dead cells were eliminated by forward and side scatter.
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FIG. 2.

Evaluation of the ischemic lesion volume with diffusion-weighted images (DWI). BMSCs or
PMSCs were intravenously injected immediately after the initial MRI scanning (6 h after
MCAO). Images obtained 6 h, and 1, 3, and 7 days MCAQ in medium-injected (A1-4), BMSC-
treated (B1-4), and PMSC-treated group (C1-4). Summary of lesion volumes evaluated with
DWI in each groups (D). Scale bar =3 mm. *p < 0.05.
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FIG. 3.

Evaluation of the ischemic lesion volume with To-weighted images (ToWI). BMSCs or PMSCs
were intravenously injected immediately after the initial MRI scanning (6 h after MCAO).
Images obtained 6 h, and 1, 3, and 7 days MCAO in medium-injected (A1-4), BMSC-treated
(B1-4), and PMSC-treated group (C1-4). Summary of lesion volumes evaluated with T,WI
in each groups (D). Scale bar = 3 mm. *p < 0.05.
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FIG. 4.

TTC brain section slices stained with 2,3,5-triphenyl tetrazolium chloride (TTC) to visualize
the ischemic lesions 7 days after MCAO. TTC-stained brain slices from medium-injected
MCAO model rats (A1), following BMSC-treated (A2), and PMSC-treated (A3) groups. The
Sections were also stained with hematoxylin and eosin at 7 days post-MCAO. Although a larger
number of apparent inflammatory cells were obvious in the lesion without cell transplantation
(B1), parenchymal brain tissue was greatly preserved in the BMSC-treated (B2) and PMSC-
treated group (B3). Inflammatory cells in the lesion were shown in insert of B1. On the other
hand, preserved neurons in the lesion were shown in insert of B2 and B3. Intravenously
administrated BMSCs and PMSCs accumulated in and around the ischemic lesion hemisphere.
BMSCs and PMSCs were transfected with the reporter gene LacZ. Transplanted LacZ-positive
MSCs (blue cells) were present in the ischemic lesion (BMSCs, C2; PMSCs, C3). Brain from
control (MSC transplantation without LacZ transfection) injected animals with comparable X-
gal staining is shown in C1. Confocal images (BMSCs, D2; PMSCs, D3) demonstrating a large
number of LacZ-positive cells in the lesion hemisphere. Confocal image of non-treated group
is shown in D1. Scale bar = 3 mm (A, C), 40 um (B), 10 um (insert of B), 50 um (D). (Color
images can be found online at www.liebertpub.com/jon)
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FIG. 5.

Region of interest (ROI) for dynamic susceptibility contrast-enhanced perfusion-weighted
imaging (PWI1) analysis (C). PWI analysis was carried out at four regions of interest (ROI)
indicated by the boxed numbered areas on the lesion side of the brain (A, B).
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Evaluation of hemodynamic state (rCBF maps) with perfusion-weighted images (PW1).
BMSCs or PMSCs were intravenously injected immediately after the initial MRI scanning (6
h after MCAO). Images obtained 6 h, and 1, 3, and 7 days after MCAO in medium-injected
(A), BMSC-treated (B), and PMSC-treated group (C). Summary of rCBF evaluated with PWI
in each group: ROI-1 (D), ROI-2 (E), ROI-3 (F), and ROI-4 (G). rCBF ratio (ischemic lesion/
contralateral lesion) at 6 h, and 1, 3, and 7 days after MCAOQ is summarized in D-G. Scale bar

=3 mm. *p < 0.05.
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FIG. 7.

Seven days after MCAO, the angiogenesis in boundary zone was analyzed using a three-
dimensional analysis system. (A) Three-dimensional capillary image with systemically
perfused FITC-dextran in the normal rat brain. The total volume of the microvessels in the
sampled lesion site decreased 7 days after MCAO (B), but was greater in the BMSC-treated
group (C) and the PMSC-treated group (D). Scale bar = 100 um.
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FIG. 8.

The treadmill stress test demonstrated that the maximum speed at which the rats could run on
motor-driven treadmill was faster in the BMSCs and PMSCs rats than control. Velocity is
plotted for three times after MCAO induction.
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