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There is now evidence to suggest that bone marrow
mesenchymal stem cells (MSCs) not only differentiate
into mesodermal cells, but can also adopt the fate of
endodermal and ectodermal cell types. In this study,
we addressed the hypotheses that human MSCs can
differentiate into neural cells when implanted in the
brain and restore sensorimotor function after experi-
mental stroke. Purified human MSCs were grafted into
the cortex surrounding the area of infarction 1 week
after cortical brain ischemia in rats. Two and 6 weeks
after transplantation animals were assessed for senso-
rimotor function and then sacrificed for histological
examination. Ischemic rats that received human MSCs
exhibited significantly improved functional perfor-
mance in limb placement test. Histological analyses
revealed that transplanted human MSCs expressed
markers for astrocytes (GFAPY), oligodendroglia
(GalC*), and neurons (gIl1*, NF160*, NF200*, hNSE*,
and hNF70%). The morphological features of the
grafted cells, however, were spherical in nature with
few processes. Therefore, it is unlikely that the func-
tional recovery observed by the ischemic rats with
human MSC grafts was mediated by the integration of
new “neuronal” cells into the circuitry of the host
brain. The observed functional improvement might
have been mediated by proteins secreted by trans-
planted hMSCs, which could have upregulated host
brain plasticity in response to experimental stroke.
© 2002 Elsevier Science (USA)
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INTRODUCTION

Stem cells have the capacity for self-renewal and
differentiation into diverse cell types. During embryo-
genesis, totipotent stem cells give rise to ectoderm,
mesoderm, and endoderm (16, 56). However, once stem
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cells are committed to a given tissue or organ, their
phenotypic potentiality is restricted to the tissue of
origin. Hematopoietic stem cells, for instance, are
thought to differentiate only into blood cell lineages
(36), while neural stem cells are thought to be limited
to neural progeny (6). A number of recent publications
have challenged this notion. Neural stem cells are ca-
pable of restoring the hematopoietic system into blood
cells (6) and differentiate into muscle (17). Bone mar-
row stromal cells or mesenchymal stem cells (MSCs)
not only give rise to mesodermal lineage cells such as
osteoblasts, chondrocytes, adipocytes, and muscle cells
(4, 13, 29, 55, 33), but also adopt neuroectodermal cell
fate. It has been shown that donor-derived neurons and
astrocytes are found in host rodent brain following
transplantation of rodent bone marrow (8, 14, 29, 35).
However, it is not known if transplantation of MSCs
into the brain can be beneficial in treating neurological
disorders.

Stroke is a leading cause of disability worldwide (43,
47, 54). Effective therapeutics for the rehabilitation of
stroke survivors have yet to be developed. Recently
Chopp and coworkers reported that rodent bone mar-
row cells grafted into the ischemic rat brain resulted in
functional improvement (32). In this study, however,
bone marrow cells were not purified to isolate stem
cells. Our laboratory has isolated human bone marrow
mesenchymal stem cells with multipotent properties.
The aims of the present study, therefore, were to de-
termine if purified human MSCs could differentiate
into neural cell types when transplanted into the brain,
and whether they ameliorate neurological deficits in
rats with ischemic brain injury.

MATERIALS AND METHODS

Human Bone Marrow Stem Cell Preparation

Human bone marrow was harvested from the iliac
crest of 10 to 35-year-old healthy volunteers. MSCs
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were enriched by sequential Ficoll density gradient
purification followed by removal of CD45 and Glyco-
phorin A positive cells using the Super MACS magnet
(Miltenyi Biotec, Sunnyvale, CA). The cells were plated
and expanded in fibronectin (5 ng/mL)-coated flasks
with MSC expansion medium: 56% DMEM-LG, 40%
MCDB-201 (Sigma), 2% FCS, 1 X ITS Media Supple-
ment (Sigma), 1 X linoleic acid-BSA (Sigma), 10™° M
dexamethasone (Sigma), 10™* M ascorbic acid 2-phos-
phate (Sigma), 100 U penicillin/1000 U streptomycin
(Gibco-BRL), 10 ng/mL EGF (R&D Systems), and 10
ng/mL PDGF-BB (R&D Systems). After culture expan-
sion, undifferentiated MSCs were negative for CD34,
CD36, CD38, CD45, HLA-DR, HLA-type I, Muc 18, and
E-selectin/P-selectin, expressed low levels of FIKI,
CD44, and B2 microglobulin, and were positive for
CD10, CD13, CD49b, and CD49d. The undifferentiated
MSCs were then transduced with an eGFP (enhanced
green fluorescent protein) containing retroviral vector
(MFG-eGFP packaged in the PA317 or PG13 cell line
and 10 pg/mL protamine). After FACS selection, eGFP-
positive cells (Fig. 1) were expanded in fibronectin-
coated flasks with expansion medium until they were
used for cell transplantation. Approximately 26-pas-
saged hMSCs were grafted into the rat brain. The
multipotent nature of hMSCs was determined in in
vitro studies. Human MSCs can differentiate into os-
teoblasts, chondrocytes, adipocytes, fibroblasts, skele-
tal myoblasts, smooth muscle myoblasts, endothelium,
and cells with neuroectodermal features (unpublished
data).

Experimental Groups

Adult male spontaneously hypertensive rats (SHRs,
Charles River Laboratories), weighing 230-250 g, were
used in this study. Animals were randomly divided into
four groups: ischemia + MSC transplantation + sys-
temic injection of Cyclosporin A (CsA) (n = 15, MSCs),
ischemia + intracerebral PBS injections + CsA (n = 8,
CsA), ischemia + intracerebral PBS injections + sys-
temic injection of saline (n = 14, Saline), and a sham-
operated group (n = 4, Sham).

Cortical Brain Ischemia

The experimental protocols were approved by the
Animal Care Committee at the University of Minne-
sota. The experiment was conducted under the aus-
pices of Research Animal Resources, a facility ap-
proved by the American Association for the Accredita-
tion of Laboratory Animal Care. The rats were
anesthetized with methohexital sodium (50 mg/kg, ip,
Jones Pharma Inc., St. Louis, MO). Cortical brain isch-
emia was produced by permanently ligating the right
middle cerebral artery (MCA) distal to the striatal
branch as described by Coyle (12). Briefly, an incision
was made between the right ear and eye. Using a

FIG. 1. Purified human MSCs labeled with eGFP in tissue cul-
ture. Note the spindle shape morphology of the cells in culture. Scale
bar, 200 um.

microscope, a 2 X 2-mm craniotomy was drilled in the
landmark where the zygoma fuses to the squamosal
bone. The right middle cerebral artery was ligated with
a 10-0 monofilament nylon suture. The body tempera-
ture during the operation was kept close to 37°C. The
procedure for the sham operation was as the same as
above except for the ligation of MCA.

MSC Transplantation

eGFP-labeled MSCs were harvested with 0.25%
trypsin/EDTA, washed twice, and resuspended in
phosphate-buffered saline (PBS). The viability and cell
density of the MSCs were evaluated using a trypan
blue exclusion method. The viability of the MSCs was
more than 90%. Three sites in the cortex surrounding
the infarction were targeted for transplantation at the
following coordinates: (i) 1.0 mm rostral to the bregma,
2.0 mm lateral to the midline, 1.2 mm ventral to the
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dura; (ii) 3.0 mm caudal to the bregma, 1.5 mm lateral
to the midline, 1.2 mm ventral to the dura; (iii) 6.0 mm
caudal to the bregma, 2.0 mm lateral to the midline,
1.2 mm ventral to the dura. The tooth bar was set at
zero. One week after brain ischemia, the rats were
anesthetized with equithesin (3 mL/kg, ip) and 3 pL of
MSCs (25,000 cells/uL) was stereotaxically trans-
planted into each site by using a 10-uL Hamilton mi-
crosyringe (Hamilton, Reno, NV). The injection was
performed over 3 min and the cannula was kept in situ
for an additional 3-5 min before it was withdrawn. An
equal volume of sterile PBS was injected into the same
sites in the control rats. The sham rats received only
craniectomies. Cyclosporin A (10 mg/kg, ip) injections
were given daily to immunosuppress rats that received
MSC implants, and an equal volume of CsA or saline
was injected to the CsA-control rats and the saline-
controls, respectively.

Neurological Deficit Evaluation

Limb placement test and tactile stimulation test
were blindly assessed 1 week before brain ischemia, 1
day before transplantation, and at 2 and 6 weeks after
grafting. The limb placement test included eight
subtests described by Johansson and coworkers (38).
Briefly, the four limbs of a rat were tested on a counter
top surface and at its edges. For each subtest, an ani-
mal received a score of O if it was unable to place its
limbs, a score of 1 if there was a partial and/or delayed
(more than 2 s) placement of its limbs, or a score of 2 if
the animal exhibited an immediate and correct place-
ment of its limbs. In a tactile stimulation test (51, 52),
a small piece of adhesive tape (113.1 mm?) was rapidly
applied to the radial aspect of each forepaw. The rats
were then returned to their home cages, and the order
of the tape removal (i.e., left versus right) was re-
corded. Three to five trials were conducted on each test
day. Each trail was terminated when the tapes were
removed from both forepaws or after 3 min.

Immunohistochemistry

Two or 6 weeks after transplantation, the rats were
anesthetized with chloral hydrate (350 mg/kg, ip) and
the brains were then quickly removed, frozen in pow-
dered dry ice, and stored at —80°C. Coronal cryostat
sections of 10 um thickness were processed for immu-
nohistochemistry. Based on the original design of the
study, hMSCs were labeled with eGFP (green) in vitro
before transplantation, and neural phenotype expres-
sions of the grafts were visualized by using Cy 3 (red
fluorescent dye) conjugated secondary antibodies.
When unfixed fresh sections were examined under a
fluorescent microscope, however, we found some of
eGFP labeled grafts became autofluorescent. There-
fore, using immunofluorescence to detect the pheno-
typic fate of the grafted hMSCs was not possible. As an

alternative strategy, phenotypes of the grafted cells
were identified using antibodies that recognize GFP,
human-specific antibodies, and neural cell markers us-
ing the immunoperoxidase method. The sections were
fixed with 4% formaldehyde in Tris-buffered saline
(TBS, 0.05 M, pH 7.6) for 15 min. After rinsing in TBS,
the sections were exposed to 0.3% H,0, for 30 min to
guench endogenous peroxidase activity. Nonspecific
binding was blocked with normal serum from the spe-
cies in which the secondary antibodies were raised
(2:10 in 1% BSA + 0.25% Triton X-100). The sections
were incubated with the primary antibodies diluted in
1% BSA + 0.25% Triton X-100 overnight at 4°C. The
primary antibodies used in the study were as follows:
anti-green fluorescent protein (GFP, 1:50, Clontech),
anti-neurofilament 160 (1:100, Sigma), anti-neuro-
filament 200 (1:400, Sigma), anti-B-tubulin-111 (1:400,
Sigma), anti-glial fibrillary acidic protein (GFAP, 1:500,
Sigma), anti-galactocerebroside (GalC, 1:50, Sigma),
anti-human neuron specific enolase (hNSE, 1:100,
Chemicon), anti-human neurofilament 70 (hNF-70,
1:50, supplied by Dr. L. Sorriano), anti-human nestin
(1:200; a gift from Dr. C. Messam), anti-fibronectin
(1:250, transduction), and anti-collagen type 1 (1:40,
Calbiochem). After rinsing in TBS, the sections were
incubated with biotinylated secondary antibodies (Vec-
tor) for 1 h at room temperature and the reaction
products were visualized by the avidin—biotin—peroxi-
dase complex method using 3,3-diaminobenzidine tet-
rahydrochloride as the chromogen (Vectastain Elite
Kit, Vector Laboratories, Burlingame, CA). The sec-
tions were then counterstained with hematoxylin. Ad-
jacent sections were used for negative controls. In the
control sections all procedures were processed in the
same manner as the experimental tissue, but the pri-
mary antibodies were omitted.

Determination of Infarction Size

A series of coronal cryostat sections with 20-um-
thick and 900-um intervals were stained with celestine
blue and acid fuchsin. The sections were digitized us-
ing a 1X objective lens under a Nikon light microscope
(Nikon, Japan) that is connected with a high-resolution
digital camera (COOLPIX 950, Nikon, Japan). The im-
ages were first collected and stored in a CompactFlash
card. The CompactFlash card was then read by using a
CompactFlash card reader connected with a Pentium
I11 PC (Dell, Dimension XPS T700r, USA) and the
images were analyzed using a software package (Scion
Image, Version Beta 4.0.2, Scion Corporation, Freder-
ick, MD). Infarction volume was calculated with infarct
areas measured each section and the section interval.
According to the time of the termination of this study,
secondary tissue loss such as thalamic atrophy has
been considered. In order to eliminate an overestima-
tion of infarct size, total tissue volume loss was pre-
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FIG. 2. Assessment of brain ischemia-induced neurological deficits. Deficits are evaluated with a limb placement test (0, severe
neurological deficits; 16, no neurological deficits). Two weeks after transplantation, neurological deficits were significantly ameliorated in
rats with hMSC transplants when compared with the rats in the saline control group (**P < 0.01) and with the rats in CsA control group
(**P < 0.01). Six weeks after grafting, hMSC-treated animals still exhibited functional improvement compared to saline controls (++P <
0.01) and CsA controls (++P < 0.01). Before transplantation, the rats that would receive hMSC transplants exhibited poor limb placement
performance (mean score, 4.5), which did not significantly differ from saline controls and CsA controls (P > 0.05), while 2 weeks after grafting
hMSC transplanted animals showed a significant functional improvement (mean score, 13, **P < 0.01) compared with their pregraft
performance. The improved function by hMSC transplantation was seen at 6 weeks postgrafting (TP = 0.03, before grafting vs after grafting).
Groups: sham (n = 4), sham ischemic rats with sham transplants; Saline (n = 14), ischemic rats with intracerebral PBS injections and ip
saline injections; CsA (n = 8), ischemic rats with intracerebral PBS injections and ip cyclosporin A injections; MSCs (n = 15), ischemic rats
with intracerebral hMSCs grafts and ip cyclosporin A injections. Nonparametric technique was used for statistical analysis. Data were

Saline

presented as mean * SE.

sented as a percentage of the contralateral cortex and
a percentage of the contralateral hemisphere.

Statistical Analysis

The neurological evaluation data were statistically
analyzed using a Kruskal-Wallis nonparametric test.
When the results were significant (P < 0.05), a Mann-
Whitney nonparametric analysis was used for deter-
mining the difference between two groups. The Wil-
coxon signed-rank nonparametric test was used for
examining the difference between any two time points.
For difference in infarct size, one-way ANOVA with
Scheffe’s post hoc procedure was used at a 95% signif-
icant level. Data were presented as mean + SE.

RESULTS

Functional Outcomes and Infarct Volume

Ischemia-induced neurological deficits were signifi-
cantly ameliorated in rats that received MSC trans-
plants when compared with other ischemic animals in
the limb placement test (Fig. 2). One week prior to
brain ischemia the SHRs did not display any neurolog-
ical deficits (data not shown), the neurological scores
were the same as sham animals. One week after brain
ischemia, neurological deficits were observed in le-

sioned rats and there was no statistical difference
among the three ischemic groups (P > 0.05). Two
weeks after transplantation, animals with hMSC
grafts achieved significantly higher limb placement
scores when compared with the rats in the saline-
control group (12.73 * 0.53 vs 2.67 * 0.58; MSCs vs
saline; P < 0.01), and with rats in the CsA-control
group (12.73 = 0.53 vs 4.75 = 0.84; MSCs vs CsA; P <
0.01). The greater functional performance was still sig-
nificant 6 weeks postgrafting (11.80 = 1.14 vs 3.33 =
0.60; MSCs vs saline, P < 0.01; 11.80 + 1.14 vs 5.38 +
0.94; MSCs vs CsA, P < 0.01). The functional improve-
ment observed at 2 weeks after MSC transplantation
was also significant compared to the test performed
before grafting (12.73 £ 0.52 vs 4.47 *= 0.68; 2 weeks
after vs before grafting; P < 0.01). When comparing the
test results 6 weeks after transplantation with the
results before transplantation, this improvement also
persisted (11.80 = 1.14 vs 4.47 = 0.68; 6 weeks after vs
before; P = 0.03). MSCs induced functional recovery,
however, did not reach levels comparable to intact
sham animals (Sham vs MSC P < 0.01, 2 weeks and 6
weeks postgrafting). Nevertheless, animals with MSC
transplants exhibited significantly improved neurolog-
ical scores compared with their performance prior to
implantation and with the two control groups.



BONE MARROW STEM CELL GRAFT FOR STROKE 15

-~J
o

8 8 &8 8 8
—

Percentage of trials (%)

o2w

.

IL

—
o

o

Sham Saline

CsA MSCs

FIG. 3. Evaluation of somatosensory asymmetries. This graph illustrates the percentage of trials that the tape on the affected or left
forepaw was first removed. The rats were examined by a tactile stimulation test applying adhesive tapes as stimuli to the forepaws. An intact
rat typically shows an equal chance of removing the stimuli form either forepaw (i.e., left vs right = 50% vs 50%). Right MCA ligation causes
somatosensory deficits in the left limbs, leading the rats to preferentially remove the tape from intact (right) forelimb first rather than the
left one. As shown in this bar graph, somatosensorimotor response was significantly reduced in the effected forelimb (left) in saline-control
rats when compared with sham rats (*P < 0.05, 2 weeks and 6 weeks). In comparison with saline controls, MSC-grafted animals showed a
significant recovery of somatosensory (tP < 0.05) 6 weeks after grafting. Data were presented as mean = SE and analyzed with

nonparametric procedures.

The data from the tactile stimulation test (Fig. 3)
showed that forelimb somatosensory asymmetries in-
duced by unilateral brain ischemia were significantly
increased in the saline control rats when compared
with sham-operated rats (2 weeks: 5 + 3.3% vs 43.8 =
21.3% saline vs sham, 6 weeks: 7.8 = 5.7% vs 37.5 =
6.3%; P < 0.05), and the somatosensory asymmetries
were significantly ameliorated in the rats received
MSCs transplantation at 6 weeks after grafting in com-
parison with saline controls (33.5 £ 8.7% vs 7.8 =
5.7%, MSCs vs saline, P < 0.05). MSCs-grafted ani-
mals also showed a relatively better recovery from
ischemia caused somatosensory bias when compared to
the rats in two ischemic control groups although it did
not achieve significant levels. The SHRs did not display

TABLE 1

Tissue Loss in the Rats of Ischemic Controls
and MSC Graft

Total tissue
loss (% of
contralateral hemisphere)

Cortical tissue
loss (% of
contralateral cortex)

Saline

(n = 14) 24.60 = 2.10 11.76 = 1.62
CsA

(n = 8) 27.57 = 251 10.93 £ 1.35
MSCs

(n = 15) 22.51 + 1.63 10.32 = 1.29

Note. Data were presented as mean * SE.

neurological asymmetries 1 week before brain isch-
emia (data not shown), the results were similar to
sham operated animals.

Infarct volume did not show significant differences
among MSC transplanted rats, saline-control rats and
the rats in CsA-control group (Table 1), suggesting that
the grafts did not protect the host brain from secondary
tissue loss.

FIG. 4. The migration pattern of implanted hMSCs after cortical
brain ischemia. Black dots represent the location of transplanted
hMSCs. Shadow area, infracted cavity. CC, corpus callosum.
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FIG. 5. Expression of neural markers by transplanted human mesenchymal stem cells. Human MSCs were grafted into the cortex
surrounding the infarct area one week following cortical ischemia, and coronal cryostat sections were processed for immunohistochemistry
2 and 6 weeks after transplantation. (A—F) Representative sections form the rats sacrificed 2 weeks after grafting. (G—1) Representative
sections form the rats sacrificed 6 weeks after grafting. (A) eGFP-labeled hMSCs were identified by anti-GFP antibody. GFP-positive cells
were found at the site of grafting (arrowhead), and along the two migratory pathways (arrows). (B) Transplanted hMSCs were immunopo-
sitive for the astrocyte marker GFAP. The top right corner of the panel is the infarct area. GFAP* hMSCs were detected at the site of the
graft and along the migratory paths. The right path extended to the region of infarction. (C) Grafted hMSCs expressed the oligodendrocyte
marker GalC. Some of the transplanted hMSCs were positively stained with neuronal cell markers g 111 tubulin (D), NF-200 (E), and NF-160
(F). G-I show human-specific neural markers expressed by transplanted human mesenchymal stem cells. Human neuronal-specific markers,
hNSE and hNF-70 were identified within the grafts (G and H, respectively). Human nestin positive cells were also found within the grafts
(1). Insets in A-1 are the higher magnification of A—I. Inset A: the arrow shows a process of the GFP™ cell. Inset B: the arrow shows a process
of a GFAP™ cell. Scale bar (shown in I): A-I, 200 um. Cx, cortex.

Migration of Transplanted MSCs tissue and the area of infarction (adhering on the cor-
pus callosum), and in other sections within the infarct
cavity. The migratory pattern did not differ between

the 2-week and 6-week postgraft groups.

Our data showed that transplanted MSCs migrated
along the corpus callosum. This migratory process is in
agreement with the findings of Azizi et al. (3) that
demonstrated the migration of grafted human MSCs

was similar to implanted astrocytes migrating along
the corpus callosum. From the graft sites two migra-
tory pathways were noted: one extending toward the
midline of the brain and another extending toward or
into the infarct area (Fig. 4). MSCs in the infarct region
were mostly located at the border between intact brain

The Phenotypes of Transplanted MSCs

Human MSCs gave rise to neuronal cells expressing
neuronal, astrocyte, and oligodendrocyte markers after
transplantation into the brain. Figure 5 shows that
GFP-positive hMSC (Fig. 5A) were observed at the site
of transplantation and along the two streams of migra-
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FIG. 6. Transplanted human mesenchymal stem cells express antigens for fibronectin and collagen type I. Human MSCs were implanted
into the cortex surrounding the infarction 1 week after cortical ischemia. Within the grafts hMSCs were positively stained with fibronectin
(A, B) and collage | (C, D) at 2 weeks (A, C) and 6 weeks (B, D) after transplantation. The top right corner of C is the infarct area. Insets in
A-D are the higher magnifications of panels A-D. Arrows indicate migratory pathways of grafted MSCs and the arrowhead shows the site

of the grafting. Scale bar (show in A): A-D, 200 um. Cx, cortex.

tion 2 weeks postgrafting. Transplanted MSCs were
immunopositive for the astrocyte marker GFAP (Fig.
5B), the oligodendrocyte marker GalC (Fig. 5C), and
the neuronal markers tubulin g 111 (Fig. 5D), neuro-
filament —200 (Fig. 5E), and neurofilament-160 (Fig.
5F). These cells were found either at the site of grafting
or along the migration pathways. Similar immunohis-
tological features were also observed 6 weeks after
transplantation (data not shown). Although trans-
planted MSCs exhibited the phenotypes of neuronal
cells, the morphology of these cells at 2 and 6 weeks
postgrafting was immature in nature, and rounded in
shape with few fiber processes.

In addition to identifying the grafted cells with an
antibody for GFP, antibodies that specifically label hu-
man cells were utilized. Some of the transplanted
hMSCs were immunoreactive for human neuronal spe-
cific enolase (hNSE, Fig. 5G) and human neurofila-
ment-70 (hNF-70, Fig. 5H). Positive staining for hu-
man nestin, a human neural stem cell marker, was
also observed in the transplants (Fig. 51). Fibronectin-
and collagen type-I-positive hMSCs were also found in
the grafts at 2 weeks (Figs. 6A and 6C) and 6 weeks
(Figs. 6B and 6D) after transplantation, suggesting

that a subset of the hMSCs maintained a primitive
stem cell phenotype (42, 44).

DISCUSSIONS

The main findings of the present study are that
transplanted human MSCs survived and expressed
markers of neuroectodermal cells in the rodent brain,
and that ischemic rats showed improved neurological
function after transplantation. By 2 weeks after graft-
ing, human MSCs expressed markers for neurons, as-
trocytes, and oligodendroglia. Previous in vivo studies
have examined the differentiation of murine MSC.
Transplantation of murine MSCs gave rise to neurons
(8, 29, 35) and astrocytes (29). Two recent reports have
shown that human MSCs could differentiate in vitro
into neurons (49, 57) and astrocytes (49). The present
study confirms these in vitro findings and extends
them in vivo with the phenotypic expression of human
MSCs into cells with neuroectodermal characteristics
when implanted into the rodent brain.

The morphology of the grafted hMSCs in this study
after 2 weeks appeared quite primitive in that they
were spherical in shape with few processes extending
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from the soma. These morphological features were
maintained 6 weeks after transplantation. In contrast,
a study that purified murine MSCs labeled with BrdU
and then transplanted into lateral ventricle of neonatal
mice (29) showed donor-derived mature astrocytes in
host brain 12 days postgrafting. The differences be-
tween the morphological features in the grafted cells of
the present study and those of Kopen et al. (29) may be
due to differences in the donor species, since it has
been demonstrated that differentiation of human fetal
brain cells is significantly slower after transplantation
in comparison to fetal rodent brain cells (9, 45). An-
other difference is that the transplant recipients used
in the present study were adult rats while those used
by Kopen et al. (29) were neonatal mice. As a conse-
guence, environmental differences between the adult
and neonatal brain may also contribute to differences
in the speed of differentiation of the grafted cells.

The prolonged maturation of the transplanted
hMSCs noted in this study may also be due to the
adoption of an ectodermal fate. Turning bone marrow
into neural cells requires transcending the barrier be-
tween mesoderm and ectoderm. Thus fate determina-
tion, differentiation, and maturation may involve more
complex processes and additional steps than the differ-
entiation of MSCs into mesodermal cells. In trans-
planting human neural progenitor cells into the brain
of adult rats, Fricker et al. (15) and Ostenfeld et al. (40)
have demonstrated that graft-derived mature neurons
are observed 6 weeks after implantation. Whereas our
data showed that human MSC-derived neural progeny
still maintained an immature morphology at the same
period (6 weeks) after grafting. A study conducted by
Bjornson et al. (6) showed that when both neural stem
cells (NSCs) and bone marrow (BM) cells were injected
into adult irradiated mice, the time required for NSCs
to turn into blood cells was much longer than that
required by bone marrow. The authors postulated that
“NSCs undergo additional steps of fate determination,
differentiation, and maturation with respect to BM
cells to produce hematopoietic progeny.” Accordingly,
the induction of hMSCs to neural cells may also require
extended maturation latency when compared with
neural progenitor cells.

The fact that functional improvement in the rats
that received hMSC transplants was not dependent on
establishing new neuronal circuits between grafts and
host or dependent on reducing the infarction size, sug-
gests that functional restoration was probably a result
of proteins released by grafted hMSCs which promoted
brain plasticity in the host brain. Collagen I and fi-
bronectin may be involved in hMSC-induced functional
improvement. At 6 weeks postgrafting, the latest time
point of the present study, the grafted MSCs still main-
tained their primitive properties producing collagen |
and fibronectin (41, 44). Numerous studies have shown
that extracellular matrix (ECM) proteins influence cell

proliferation, migration, survival, and differentiation
(20, 21, 46, 58). Moreover, cell-ECM attachment is
crucial for nerve fiber growth (10, 31). Recently, Yoshii
and Oka (59) reported that collagen type-I-derived fil-
aments guided peripheral nerve regeneration. Fi-
bronectin, another important component of the ECM,
integrates with the receptors of the integrin family and
modulates many basic cellular functions, including cell
adhesion, migration, cell growth, differentiation, and
programmed cell death (1, 19, 20, 22, 24, 60). Fibronec-
tin stimulates nerve fiber growth in culture (10). Re-
cently fibronectin has been demonstrated to exert a
neural protective effect after ischemic injury. Fibronec-
tin knockout mice exhibited a larger infarction size and
an increased number of apoptotic cells in the infarct
area following brain ischemia (48). In our study,
hMSCs continued to express collagen type I and fi-
bronectin 6 weeks after grafting. Therefore, it is possi-
ble that both of collagen | and fibronectin may partic-
ipate in hMSCs survival and differentiation, and may
also involve the functional restoration by activating
intergrin signal transduction, and reestablishing new
neuronal circuits in host brain tissue. Neurotrophic
factors could also participate in hMSC-mediated func-
tional improvement. Numerous studies suggest that
neurotrophic factors play important roles in brain plas-
ticity. Neurotrophic factors can enhance neuronal
sprouting (11), synaptogenesis (18), long-term potenti-
ation (2, 30, 41), and neurotransmission (25) and in-
crease neurotransmitter release (26, 27, 34). Humpel et
al. reported that human fetal cortical grafts expressed
nerve growth factor, brain-derived neurotrophic factor,
and neurotrophin-3 mRNA after transplantation to
cortical cavities in rats (23). We speculated that grafted
hMSCs, their immature progenies, and/or the host
brain cells stimulated by the grafts might produce
neurotrophic factors that participate in functional re-
organization in the host brain.

It has been reported that transplantation of other
cell sources such as rodent embryonic hippocampal
formation cells (37, 39), MHP36, a conditionally im-
mortal neuroepithelial stem cell line derived from em-
bryonic mouse (53), and human neuroteratocarcinoma-
derived neurons (7, 50, 28) ameliorated neurological
deficits induced by brain ischemia. Here we demon-
strated that human bone marrow mesenchymal stem
cells could engraft and reduce neurological deficits in a
rat model of stroke. Compared with other cell sources,
hMSCs have the advantages that they can be readily
harvested and expanded ex vivo. These cells can thus
provide an unlimited source of autologous cells for
transplantation in conditions of stroke, head injury,
and neurodegeneration without ethical concerts and
immune rejection considerations. However, the biolog-
ical mechanisms involved in the reparative process
mediating functional improvement as a result of stem
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cell transplantation should be clarified prior to the
initiation of clinical studies (5).

In summary, hMSCs adopted ectodermal cell fates
expressing neural cell phenotype antigens when im-
planted to the brain. Transplanted hMSCs ameliorated
neurological deficits after experimental stroke in rats.
The mechanisms underlying the functional recovery
remain to be further investigated.
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