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Accumulated evidence suggests that bone marrow stromal cells (BMSCs) are capable of regenerating dam-
aged tissue. This study evaluated whether intravenously (noninvasively) administered, GFP-labeled BMSCs
would migrate into damaged brain tissue and improve neurological function after a stroke. Wistar rats were
subjected to middle cerebral artery occlusion and reperfusion. Twenty-four hours after injury, the rats re-
ceived an IV injection of culture medium or BMSCs isolated from adult Wistar rats expressing green fluores-
cent protein (GFP). Two hours after injury and 1, 3, and 7 days after cell transplantation, neurological
function was evaluated using a neurological severity scale. On day 7, the brain scar size was determined
using tetrazolium chloride staining, and the implanted cells were identified using confocal microscopy. Im-
munohistochemistry was used to evaluate apoptosis and angiogenesis in the ischemic region, as well as the
spatial distribution of the implanted BMSCs relative to the native neural cells. Implanted BMSCs migrated
throughout the territory of the middle cerebral artery by 7 days after transplantation. Most implanted cells
were located in the scar area and border zone of the ischemic region, and some expressed the neuronal
marker NeuN. Rats receiving BMSC transplantation exhibited reduced scar size, limited apoptosis, and
enhanced angiogenic factor expression and vascular density in the ischemic region relative to the control
group, as well as significant improvements in the neurological severity scores. Intravenously administrated
BMSCs facilitated the structural and functional recovery of neural tissue following ischemic injury, perhaps
mediated by enhanced angiogenesis.
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INTRODUCTION chondrocytes (2), adipocytes (24), or muscle cells (in-
cluding heart cells) (33) when implanted into the appro-
priate tissue. Injected directly into the neonatal mouseFollowing a stroke, neural cell necrosis may result in

permanent brain damage that frequently leads to morbid- brain, for example, BMSCs differentiated into astrocytes
and neurons (16). The systemic infusion of male BMSCsity or mortality. Neuroregeneration has recently received

a great deal of attention, and several reports suggest that into irradiated female mice resulted in an influx into the
brain, over days to weeks, of Y chromosome-positivestem cells may regenerate damaged brain tissue (5,8,32).

Because the differentiation of bone marrow cells into cells that differentiated into microglia and astroglia (10).
Similarly, male-derived BMSCs systemically infusedneurons could improve neurological function, cell trans-

plantation is a potentially novel therapy for patients fol- into female rats after ischemic brain injury migrated
preferentially to the ischemic cortex (9). In these experi-lowing a stroke.

Bone marrow-derived stromal cells (BMSCs) have ments, BMSCs were able to pass through the blood–
brain barrier and migrate to the damaged areas (6).the capacity for self-renewal in a number of nonhemato-

poietic tissues (25). They are multipotential and can be In this study, we isolated BMSCs from adult rats ex-
pressing green fluorescent protein (GFP), and injectedused for both cell and gene therapy (26,27). BMSCs

have been shown to differentiate into osteoblasts (1), these cells into the circulation of adult rats, 24 h after
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ischemia-reperfusion brain injury. Because transgenic phycoerythrin (PE)-conjugated monoclonal antibodies
recognizing CD-90.1 (a stem cell marker expressed byrats expressing GFP were the source of the injected

BMSCs, we were able to monitor the migration and per- cultured BMSCs; Pharmingen, San Diego, eBioscience).
sistence of the implanted cells by identifying GFP-
expressing cells in the damaged brain tissue. We found Cell Transplantation
that tail vein injection of BMSCs reduced brain scar size

At 24 h after ischemia-reperfusion injury, the animalsand improved neurological function after ischemia-
were randomly separated into three groups. Animalsreperfusion injury.
were anesthetized with 1.5–2.0% isoflurane, and then
500 µl of culture media (control, n = 8), culture mediaMATERIALS AND METHODS
containing 1 × 106 BMSCs (BMSC 1 × 106, n = 6), orExperimental Animals
culture media containing 3 × 106 BMSCs (BMSC 3 ×

Adult female Wistar rats weighing 250–300 g were
106, n = 9) were injected into a tail vein. The animals

used in our experiments. The protocol was approved by
were monitored postoperatively for 4 h. Intramuscular

the Animal Care Committee of Toronto General Hospi-
Penlog XL (0.3 ml, benzathine penicillin G 150,000 U/

tal, according to the guidelines of the Canadian Council
ml) and subcutaneous buprenorphine (0.01–0.05 mg/kg

of Animal Care for the care and use of animals. Trans-
body weight) were given after surgery.

genic GFP Wistar female rats [Wistar-TgN(CAG-GFP)
184ys] carrying an EGFP transgene driven by chicken

Evaluation of Neurological Functionβ-actin promoter and CMV enhancer were generated by
Dr. Eiji Kobayashi (Jichi Medical University, Tochigi, Behavioral tests were performed on all rats at 2 h
Japan) (13,14). The colony was donated to us for use in following ischemia-reperfusion injury and 1, 3 and 7
the current study. days after transplantation by a blinded investigator, us-

ing the neurological severity scores modified by Chen
Middle Cerebral Artery Occlusion and Reperfusion

et al (6). Neurological function was graded on a scale of
Rats were deeply anesthetized in an isoflurane cham- 0 to 18 (0 = normal score; 18 = maximal deficit score).

ber. Each rat was intubated, and positive pressure venti- The functional evaluation included motor, sensory, re-
lation was maintained with a Harvard ventilator. The flex, and balance tests. According to the severity scores
deeply anesthetized state was maintained during the op- model, 1 score point is awarded for the inability to per-
erating period using 1.5–2.0% isoflurane with a ventila- form a test or for the lack of a tested reflex; thus, the
tion system. The middle cerebral artery was isolated higher the score, the more severe the injury. We com-
through a skin incision, occluded for 120 min with a 3- pared trends in the neurological function scores over the
0 nylon suture using an intraluminal vascular occlusion 7 days following transplantation. We also compared the
method (17,28), and then reperfused by releasing the oc- differences between scores measured on days 3 and 1,
clusion. Intramuscular Penlog XL (0.3 ml, benzathine and between scores measured on days 7 and 1.
penicillin G 150,000 U/ml) and subcutaneous buprenor-
phine (0.01–0.05 mg/kg body weight) were given after

Brain Morphological Studies
surgery, and the rats were monitored postoperatively

At 7 days after cell transplantation, the brains werefor 4 h.
quickly harvested from anesthetized rats and fast-frozen

Bone Marrow Stromal Cell Preparation at −80°C for 6 min. The brain tissue was sliced into 2-
and Characterization mm-thick slices, and each slice was incubated at 37°C

for 10 min in a dish containing 1% 2,3,5-triphenyltetra-Wistar rats ubiquitously expressing GFP were used
for the preparation of donor BMSCs. Bone marrow was zolium chloride solution (TTC). The slices were digi-

tally photographed on both sides. Cross-sectional areasaspirated from the tibia of anesthetized rats using a sy-
ringe containing 100 IU heparin with an 18-gauge nee- of the cortex and scar (infarct core) area were measured

using computed planimetry. The surface area of the cor-dle. Marrow cells were transferred to a sterile tube and
mixed with 10 ml culture media [Iscove’s modified Dul- tex was measured as the sum of the external cortical

length × the slice thickness (2 mm). The surface area ofbecco medium: IMDM with 10% fetal bovine serum,
penicillin G (100 U/ml) and streptomycin (100 µg/ml)]. the scar was measured as the sum of the external cortical

scar length × the slice thickness (2 mm). The surfaceThe cells were cultured in IMDM containing 10% fetal
bovine serum and antibiotics, and media were changed area percentage of scar tissue in the cortex was calcu-

lated as follows: (external cortical scar length)/(externaltwice a week. Cultured cell phenotypes were assessed
by fluorescence-activated cell sorting (FACS), using cortical length) × 100.
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Immunohistochemistry Vascular Density in the Ischemic Region

Vascular density in the ischemic region (scar area +The brains were removed and placed in the same fix-
border zone) was evaluated in all animals at 7 days afterative at 4°C overnight. Brain slices were sectioned into
cell transplantation. Briefly, after pepsin treatment of the25-µm thicknesses and immunostained, as described
tissue sections, endogenous peroxidase and biotin activi-previously (30). In brief, the sections were blocked in
ties were blocked for 10 min with each of 3% hydrogen3% normal goat serum/0.3% Triton X-100/0.1% BSA
peroxidase and an avidin/biotin blocking kit. The tissuein PBS, and then incubated with the following primary
sections were incubated with antibodies against Vonantibodies: mouse anti-NeuN (1:100, Chemicon, for
Willebrand Factor (factor VIII) at 1:2000 for 1 h (Dako-neurons), or mouse anti-GFAP (glial fibrillary acidic
Cytomation, Mississauga, ON). After washing, the sec-protein; 1:100, Chemicon, for astrocytes). Goat anti-
tions were incubated with secondary antibodies conju-mouse Alexa Fluor 568 IgG antibody (1:200; Molecular
gated with peroxidase for 30 min, followed by horseradishProbe) was used to recognize the primary antibodies.
peroxidase-conjugated ultrastreptavidin label reagent.

Laser Scanning Confocal Microscopy The sections were developed with freshly prepared Nova
Fluorescence signals from GFP and immunomarkers Red solution for 5–10 min, and counterstained with he-

were visualized using laser scanning confocal micros- matoxylin. Three high-power fields per section were se-
copy (Zeiss LSM 510), and analyzed with three-dimen- lected for analysis (two from the ischemic border zone
sional (3D) constructor software (ImageJ) (30). Each and one from the center of the scar area—each 0.2
section was initially scanned to determine a depth half- mm2); the number of blood vessels in each field was
way between the surfaces, which was then used for im- counted by a blinded observer using a Nikon Eclipse
aging. This approach eliminated mechanical damage and TE200 Microscope. Counts per field were averaged to
distortion of the images. We produced 3D digital recon- reflect the mean vascular density per 0.2 mm2 in the
structions from a series of confocal images taken at ischemic region.
0.5–1-µm intervals through the region of interest; opti-

RNA Extraction and RT-PCRcal stacks of 10 images were produced for the figures.
mRNA levels of vascular endothelial growth factorTo confirm colocalization of GFP and the specific neu-

(VEGF) and stem cell factor (SCF) were measured inronal protein NeuN in some implanted cells, multiple
the ischemic region at baseline (before focal cerebral is-plane images (1-µm intervals) of the individual fluores-
chemia; normal tissue), and at 3 and 7 days after postis-cence markers were generated from deconvolved confo-
chemia cell or media implantation in the BMSC 3 × 106cal Z-series at each corresponding level.
and control groups (n = 3 per group). Total RNA was

TUNEL Staining extracted from the neural tissue using TRI Reagent
(Sigma) according to the manufacturer’s instructions.The tissue sections (obtained from all animals at 7

days after cell transplantation) were rehydrated using a First-strand cDNAs were synthesized following the In-
vitrogen protocol using superscript III reverse transcript-series of graded alcohols, then treated with 1% pepsin

(Sigma: P7125) in 0.01 N HCl at pH 2.0. Endogenous ase. PCR for VEGF and SCF was performed with spe-
cific primer pairs (VEGF—forward: 5′-GTCCAATTGperoxidase and endogenous biotin activities were blocked

using 3% aqueous hydrogen peroxide and an avidin/bio- AGACCCTGGTG-3′, reverse: 5′-CTATGTGCTGGCT
TTGGTGA-3′; SCF—forward: 5′-CAAAACTGGTGGtin blocking kit (Vector Labs Inc.). The samples were

incubated with biotin-nucleotide cocktail in a water bath CGAATCTT-3′, reverse: 5′-GCCACGAGGTCATCCA
CTAT-3′). Amplification for 30 cycles was performedat 37°C for 1–1.5 h. Ultrastreptavidin horseradish perox-

idase labeling reagent (ID Labs inc. cat. # BP2378) was under the following conditions: 95°C for 5 min, 95°C
for 45 s, 55°C for 45 s, 72°C for 45 s, and 72°C for 10added and incubated for 30 min. The samples were de-

veloped with freshly prepared Nova Red solution (Vec- min. GAPDH was amplified as a reference for quantifi-
cation of VEGF mRNA (forward: 5′-GTATCGGACGCtor Labs. Inc.), and counterstained with Mayer’s hema-

toxylin. Apoptotic cells stained a brown-red color. For CTGGTTACC-3′, reverse: 5′-CGCTCCTGGAAGATG
GTGATGG-3′). For GAPDH amplification, 25 cycleseach section, four high-power fields (0.2 mm2 each)

from the ischemic border zone were selected for analy- were performed under the following conditions: 95°C
for 3 min, 95°C for 40 s, 55°C for 40 s, 72°C for 40sis, and the number of apoptotic cells in each field was

counted by a blinded observer using a Nikon Eclipse s, and 72°C for 10 min. The PCR products were visual-
ized with 1.2% agarose gel and normalized by GAPDH.TE200 Microscope. Counts per field were averaged to

reflect the mean density (per 0.2 mm2) of apoptotic cells Baseline (normal, nonischemic) expression levels for
each factor were used as controls, and results are ex-in the ischemic border zone.
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pressed as the percent change from baseline in the in neurological severity scores) from scores measured 1
day after cell transplantation were significantly greaterBMSC 3 × 106 and control groups.
(p < 0.01) as early as day 3 in both cell transplant

Statistical Analyses groups compared to the media-injected control group,
with further improvements (p < 0.01, p < 0.05, n = 6–9)All data were expressed as mean ± SEM. Between-
(Fig. 2B) by day 7. No differences were found betweengroups comparisons were made using a repeated mea-
the two doses of injected cells.sures one-way analysis of variance (ANOVA). The neu-

rological severity score trend analysis data were evalu-
Intravenous BMSC Implantation Reduced Brain Scarated using SPSS software. When the F values were
Area After Strokesignificant (p < 0.05), the Tukey HSD multiple range

tests were followed. Differences were deemed signifi- Morphological evaluation of the brain at 7 days after
cant when values were p < 0.05. cell transplantation (8 days after stroke) revealed a

clearly visible scar within the neuronal tissue (Fig. 3A–
RESULTS C). As illustrated in Figure 3D with TTC staining, scar

BMSC Characteristics areas (20.4 ± 2.4% in the 1 × 106 BMSC group; 20.7 ±
1.5% in the 3 × 106 BMSC group; 31.7 ± 2.7% in theBMSCs were isolated from Wistar rats ubiquitously
media-injected control group) were significantly smallerexpressing GFP. These cells expressed GFP in culture,
(p < 0.01) in the groups that received BMSCs than inand were identifiable throughout the 2-week duration of
the media-injected control group.the experiments (Fig. 1).

Intravenous BMSC Implantation Decreased ApoptosisIntravenous BMSC Implantation Improved
After StrokeNeurological Function After Stroke

Neurological function was evaluated 2 h after ische- Histological study of brain tissue sections stained
with hematoxylin and eosin showed cortical and subcor-mia-reperfusion injury, and over 7 days after cell trans-

plantation. The trend analysis showed that the neurologi- tical necrosis after cerebral artery occlusion and reperfu-
sion (Fig. 4A–C). TUNEL staining indicated that thecal severity scores decreased significantly in both BMSC

groups compared with the media control group over the density of apoptotic cells in the ischemic border zone
(Fig. 4D–F) was significantly reduced 7 days after trans-7-day period following transplantation, demonstrating

an improvement of neurological function in cell recipi- plantation in BMSC-treated rats (19.3 ± 1.5/0.2 mm2 in
1 × 106 BMSC group; 21.4 ± 1.5/0.2 mm2 in 3 × 106ents (p = 0.027 and 0.015) (Fig. 2A). Differences (changes

Figure 1. The appearance of cultured bone marrow stromal cells under light (A) and fluorescence (B) microscopy (same field in
both panels), after 2 weeks in culture. For reference, arrows indicate the locations of three cells that are identifiable in both panels.
Scale bar: 50 µm.
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Figure 2. Neurological function. (A) Neurological severity scores were evaluated 2 h after ische-
mia-reperfusion injury, and over 7 days after cell transplantation. Animals in the bone marrow
stromal cell transplant (BMSC 1 × 106, BMSC 3 × 106) groups scored lower than those in the
media control group (Media) (p = 0.027 vs. BMSC 3 × 106; p = 0.015 vs. BMSC 1 × 106), indicat-
ing better neural functioning. (B) Differences in neurological severity scores (difference between
scores measured on days 1 and 3 or days 1 and 7 after transplantation) indicated that neurological
function improved significantly (*p < 0.05, **p < 0.01 compared to media control scores) in cell-
transplanted rats at 3 and 7 days after cell transplantation. There were no differences between the
two cell doses.

BMSC group), relative to control rats (29.4 ± 1.7/0.2 the implanted (GFP-positive) BMSCs survived and were
distributed throughout the damaged brains of recipientmm2; p < 0.01 compared to BMSC groups) (Fig. 4G).
rats in both cell transplant groups. No GFP-positive cells

Localization and Differentiation of Intravenously were observed in the contralateral area of either cell im-
Implanted GFP Cells in the Ischemic Region planted group, or in brains from the media-injected con-

trol group. Double fluorescence imaging showed that theWe determined the expression patterns of implanted
BMSCs compared to those of neurons or astrocytes in vast majority of GFP-expressing cells were localized in

the scar area and border zone of the ischemic regionthe ischemic region, using confocal double fluorescence
imaging to detect signals from GFP, neuronal marker (Fig. 5B, C). The scar area lacked both NeuN-reactive

(Fig. 5D) and GFAP-reactive (Fig. 5E) cells. Most GFP-NeuN, and glial marker GFAP. As shown in Figure 5,
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Figure 3. Scar size. (A–C) Representative photographs of brain sections from the media control
(A: Media) and bone marrow stromal cell transplant (B: BMSC 1 × 106; C: BMSC 3 × 106) groups
at 7 days after cell transplantation, illustrating the extent of the cortical scar (arrows). (D) Scar
areas (expressed as a percentage of the cortical surface area) were significantly smaller (**p <
0.01) in both cell transplant groups than in the media control group.

positive cells located in the ischemic region were char- single implanted BMSCs, confirming that GFP cells ex-
pressed NeuN protein (Fig. 6D, E).acterized by an irregular shape with round-to-oval nu-

clei, and were surrounded by, but not overlapped by ei-
Intravenous BMSC Implantation Induced Angiogenesisther NeuN- or GFAP-reactive cells (Fig. 5F, G).
and Increased Angiogenic Factor Levels in theInterestingly, we found that a few GFP-positive
Ischemic Region After StrokeBMSCs expressed the neuronal marker NeuN. In Figure

6A–C, confocal Z-stack images demonstrate the overlap Seven days after cell transplantation, immunohisto-
chemical staining for factor VIII indicated the presenceof the GFP signal with NeuN staining, suggesting that

some GFP cells may have transformed into neuronal- of blood vessels in the neural ischemic region of rats
from all three groups (Fig. 7A–C). Quantification oflike cells after migrating to the ischemic region. Further,

deconvolved individual Z-series images collected at vascular structures (positive staining for factor VIII)
demonstrated significantly greater blood vessel densitymultiple planes through the same implanted cells illus-

trate the colocalization of GFP and NeuN signals within in the neural ischemic regions of animals that received
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IV BMSC injections (20.5 ± 1.4 vessels/0.2 mm2 in 1 × (p < 0.05) relative to the other groups on day 7, at which
time point mRNA levels in both control and cell-trans-106 BMSC group, p < 0.05; 21.2 ± 1.1 vessels/0.2 mm2

in 3 × 106 BMSC group, p < 0.01) than in those of con- planted animals were lower than those at day 3, but
higher than baseline (Fig. 8).trol animals (15.6 ± 1.1 vessels/0.2 mm2) (Fig. 7D).

RT-PCR analyses demonstrated that the mRNA lev-
DISCUSSIONels of VEGF and SCF were significantly increased (p <

0.05 for both factors) in the neural ischemic region of The present study demonstrated that GFP-expressing
BMSCs injected IV 24 h after ischemia-reperfusion in-BMSC-treated rats relative to baseline (normal) and to

control rats at 3 days after cell or media implantation. jury migrated into the necrotic cortical and subcortical
areas of the damaged brain, rather than into the nonis-VEGF mRNA levels remained significantly increased

Figure 4. Cell death. (A–F) Representative micrographs showing haematoxylin and eosin (H&E) (A–C) and TUNEL (D–F)
staining in brain sections from the media control (A, D: Media) and bone marrow stromal cell transplant (B, E: BMSC 1 × 106; C,
F: BMSC 3 × 106) groups at 7 days after cell transplantation. H&E staining shows cortical and subcortical necrosis. (G) Quantifica-
tion of TUNEL staining indicates that the density of apoptotic cells (expressed as the number of apoptotic cells/0.2 mm2) in the
ischemic border zone was significantly reduced (**p < 0.01) in cell-transplanted rats compared to control rats. Scale bar: 25 µm.
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Figure 5. Cortical distribution of implanted cells. (A) Overview of the cortical distribution of implanted cells expressing green
fluorescent protein (GFP; arrowheads). (B–G) Representative micrographs of brain sections from the cell transplant groups, double
immunolabeled for GFP (arrows in B, C indicate implanted cells), and NeuN (red signals in D indicate surviving neurons), or
GFAP (red signals in E indicate reactive astrocytes). In (D, E), the scar area is identifiable as an area lacking NeuN or GFAP
signals. As shown in the merged images, the majority of GFP-positive cells were located in the scar area and border zone of the
ischemic region, surrounded by NeuN-positive (F) or GFAP-positive (G) cells in the healthy region. Scale bars: 100 µm.
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chemic brain tissue. Rats injected with various doses of niques employed in this study included the noninvasive
implantation of BMSCs from GFP transgenic rats, andBMSCs exhibited significant reductions in scar size and

apoptosis, and improvements in neurological function the administration of varying doses of implanted cells.
The GFP-expressing BMSCs offered a unique detection(motor, sensory, reflex, balance) compared with con-

trols; some implanted (GFP) cells also appeared to express system, providing convincing evidence that IV im-
planted cells actually homed to the ischemic brain re-neuronal protein markers. Notably, these differences

were observed in the context of enhanced angiogenesis gion, and allowing direct identification of the trans-
planted cells.in cell-transplanted animals relative to controls. Tech-

Figure 6. Green fluorescent protein (GFP) and NeuN expression in the ischemic region at 7 days after implantation of bone marrow
stromal cells (BMSCs). Representative confocal micrographs of brain sections from the cell transplant groups. (A–C) Z-stack
images composed of images from 10 separate planes through the implanted cells, illustrating GFP (A: green) and NeuN (B: red)
labeling. Merged images suggest double labeling (C: arrows). Scale bar: 10 µm. (D–E) Deconvolved individual Z-series images of
the same cells, collected at multiple planes (1-µm intervals; numbered 1–10 in D and E) to confirm the colocalization of GFP
(green label in D) and NeuN (red label in E) within single implanted BMSCs (indicated by arrows in D–E).
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Figure 7. Blood vessel density. (A–C) Representative micrographs showing immunohistochemical
staining for factor VIII indicate blood vessels (black arrow) in the neural ischemic region of the
media control group (A: Media) and both bone marrow stromal cell transplant groups (B: BMSC
1 × 106, C: BMSC 3 × 106), at 7 days after cell transplantation. (D) Blood vessel densities (ex-
pressed as the number of vessels/0.2 mm2) were greater (*p < 0.05, **p < 0.01) in both cell trans-
plant groups than in the media group. Scale bar: 25 µm.

The improved functional outcomes reported here are covery, by augmenting the mobilization of endogenous
bone marrow cells that alone are insufficient to reducein agreement with previous publications. For example,

Lu et al. (18) showed that mesenchymal stem cells were brain injury after a stroke. We found that the mRNA
expression of SCF, which is involved in the recruitmentsuccessfully delivered by intra-arterial infusions in a rat

stroke model, and Mahmood et al. (19) demonstrated of progenitor cells after a stroke, was significantly
greater in the neural ischemic region of BMSC recipi-that mesenchymal stem cells accumulated in the injured

brain after intracerebral transplantation. In those studies, ents relative to controls at 3 days after implantation. In-
creasing SCF levels in the damaged brains of rats thatthe transplanted bone marrow cells survived, expressed

neuronal cell phenotypic markers, and improved neuro- received BMSCs could have enhanced bone marrow
stem cell mobilization, homing, and engraftment, therebylogical function. However, neither study evaluated in-

farct sizes or angiogenesis after cell implantation. Be- increasing neovascularization and neuronal regeneration
(15).cause neovessel formation might rescue apoptotic cells

in the damaged area, the present study quantified blood A number of possible mechanisms for the migration
of injected BMSCs into the damaged brain tissue havevessel density in the ischemic region at 7 days after

BMSC implantation in all groups. Using immunohisto- been proposed. For example, a stroke disrupts the
blood–brain barrier, permitting bone marrow cell migra-chemical staining for factor VIII, we demonstrated in-

creased vascular density in the ischemic regions of tion from the circulation into the damaged area (11,
16,23). The upregulation of cell adhesion molecules ex-BMSC implanted animals which, in association with re-

ductions in cellular apoptosis and scar sizes, may have pressed by the injured microvasculature, in combination
with an increased penetration capacity of the bone mar-contributed to the measured improvements in neurologi-

cal function. row cells, may also facilitate homing to the brain. A
most important factor could be the alteration of the brainThe IV delivery of bone marrow derived cells may

enhance tissue repair and, in turn, neural functional re- microenvironment during the early period after a stroke,
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when the expression levels of growth factors such as postnatal stages) (7,20). In vitro, increased levels of
growth factors promote the self-renewal of neural tissuebasic fibroblast growth factor (bFGF) and nerve growth

factor are known to increase (34). This postinjury pro- derived from the neuroepithelium of the developing cor-
tex and the adult subventricular zone (4). After a stroke,cess may mimic brain development, during which bFGF

expression increases (in the late embryonic and early elevated growth factor levels might similarly enhance

Figure 8. VEGF and SCF mRNA levels. (A) Representative RT-PCR analyses of vascular endo-
thelial growth factor (VEGF) and stem cell factor (SCF) mRNA expression in the neural ischemic
region of the media control group (Media) and a bone marrow stromal cell transplant group
(BMSC 3 × 106) at baseline, and at days 3 and 7 after implantation. PCR products were electropho-
resed in 1.2% agarose and visualized by ethidium bromide staining. RT-PCR for GAPDH was
used as a control for RNA loading. (B) VEGF mRNA expression [expressed as the percent change
from normal, nonischemic tissue (Baseline)] was significantly increased (*p < 0.05) in the BMSC
3 × 106 group compared to the media group at days 3 and 7 days after implantation. (C) SCF
mRNA expression was significantly increased (*p < 0.05) in the BMSC 3 × 106 group compared
to the media group at day 3 days after implantation.
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homing of BMSCs to the injured area, inducing cell pro- brain, direct injection into damaged neural tissue has
been reported frequently. For example, Shichinohe andliferation and differentiation along neural lineages (21).

The contribution of growth factors to stem cell homing colleagues successfully implanted GFP-expressing bone
marrow cells into a cerebral infarct by direct injectionand differentiation should be evaluated in further studies.

The functional benefits of BMSC transplantation may (29) in the mouse. However, Gage et al. (12) reported
that intracerebral injection induces local brain damage,also have been due to the production of trophic factors,

cytokines, or other neural restorative factors (3). For ex- and particularly, that multiple injections may not be clin-
ically acceptable. The present study suggests that IV in-ample, IV administered VEGF has been shown to trigger

an increase in the number and volume of cerebral corti- jection may provide a simple and effective alternative
means to deliver BMSCs to the ischemic brain. In ourcal microvessels at 7 days after ischemia in the rat (35).

Here we observed that VEGF mRNA levels increased study, labeling the implanted cells with GFP allowed us
to directly detect those that migrated to the injured brainsignificantly in cell-implanted rats compared with con-

trols at 3 and 7 days after implantation. Such an upregu- following intravenous injection. Although the number of
BMSCs reaching the ischemic region in this mannerlation of angiogenic factors induced by the implanted

cells could promote neovascularization as well as neuro- might be less than with intracerebral injection, IV infu-
sion is less traumatic, more convenient, and could poten-genesis within the damaged tissue (31).

In our study, implanted BMSCs migrated into the is- tially target pathological sites in numerous cerebral dis-
orders. Therefore, the IV technique demonstrated in thischemic region and survived. Although some of the im-

planted cells appeared to express neuronal proteins, neu- study has great potential for clinical application.
ronal differentiation of these cells cannot be conclusively
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