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Transplanted human fetal neural stem cells survive,
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We characterize the survival, migration, and differentiation of
human neurospheres derived from CNS stem cells transplanted
into the ischemic cortex of rats 7 days after distal middle cerebral
artery occlusion. Transplanted neurospheres survived robustly in
naive and ischemic brains 4 wk posttransplant. Survival was
influenced by proximity of the graft to the stroke lesion and was
negatively correlated with the number of 1B4-positive inflamma-
tory cells. Targeted migration of the human cells was seen in
ischemic animals, with many human cells migrating long distances
(=1.2 mm) predominantly toward the lesion; in naive rats, cells
migrated radially from the injection site in smaller number and
over shorter distances (0.2 mm). The majority of migrating cells in
ischemic rats had a neuronal phenotype. Migrating cells between
the graft and the lesion expressed the neuroblast marker dou-
blecortin, whereas human cells at the lesion border expressed the
immature neuronal marker gB-tubulin, although a small percentage
of cells at the lesion border also expressed glial fibrillary acid
protein (GFAP). Thus, transplanted human CNS (hCNS)-derived
neurospheres survived robustly in naive and ischemic brains, and
the microenvironment influenced their migration and fate.

troke is a leading cause of death and disability (1), but,

despite intensive research, few treatment options exist. Here,
we present our investigation of the potential for human stem cell
transplantation to repair the ischemic brain. Fetal brain tissue
transplants have been shown to produce some recovery in animal
models of stroke (2-4), but ethical considerations and a short
supply of human fetal tissue limited this approach. More re-
cently, a host of cell types have been tested in stroke models,
including human bone marrow cells (5-7), human umbilical cord
blood cells (5, 8), rat trophic factor-secreting kidney cells (2, 5),
and immortalized cell lines such as the human neuron-like NT2N
(hNT) cells (9, 10) and MHP36, an embryonic murine immor-
talized neuroepithelial cell line (11, 12). In most cases some
index of behavioral function has been improved. hNT cells have
also been used in clinical trials, and preliminary observations
suggest that cell transplantation may be a viable stroke therapy
(2, 13).

Few studies have assessed the behavior of normal human CNS
stem cells after transplantation. Studies in animal models of
Parkinson’s disease (PD) and Huntington’s disease (HD) show
that transplanted human neural precursor cells survive and
differentiate into neurons and glia (14-16). Functional studies
with such human cells have not been reported in these animal
models, but primary fetal human tissue is known to ameliorate
the symptoms of PD (17, 18), findings that have been replicated
to some extent in clinical trials (19). Recently, Jeong et al. (20)
reported that human neural precursors delivered intravenously
were beneficial in an animal model of stroke. In our study,
human neurospheres derived from fetal CNS were transplanted
directly into the cortex after cerebral ischemia. These human
CNS (hCNS)-derived cells are purified by antibody-based cell
sorting and expanded through several passages, resulting in a
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well defined, renewable cell bank, an essential prerequisite for
any cell replacement therapy to be practical. These sorted/
expanded human cells survive in nonobese diabetic (NOD)-
severe combined immunodeficient (SCID) mice, and migrate
and differentiate in a site-appropriate fashion into neurons,
astrocytes, and oligodendrocytes (21, 22). The extensive cell
death and massive inflammatory response of the ischemic brain
make it a more hostile environment for cell grafts than uninjured
brains. It is important to determine how hCNS-derived neuro-
spheres respond to such an environment to assess their thera-
peutic potential for stroke. We examined the ability of these
hCNS-derived neurospheres to survive, migrate, and differen-
tiate after transplantation into the cortex 7 days after focal
cortical ischemia.

Experimental Procedures

Generation of hCNS-Derived Neurospheres. hCNS-stem cells were
isolated by flow cytometry from fetal brain tissue (16-20 wk) as
described (21, 22). CD1337CD24/° cells were plated at 10°
cells/ml in human neurosphere culture media (X-VIVO 15
medium, BioWhittaker), N-2 supplement (GIBCO), and 0.2
mg/ml heparin supplemented with basic fibroblast growth factor
(b-FGF, 20 ng/ml), epidermal growth factor (EGF, 20 ng/ml),
and leukemia inhibitory factor (LIF, 10 ng/ml). Neurospheres
form after 10-14 days in culture. They were passaged every
10-14 days by enzymatic dissociation into single cells by using
collagenase (0.5 mg/ml in PBS containing 0.1% human serum
albumin) for 5-10 min. Cells were taken from frozen stocks,
thawed, and passaged at least once before transplantation
(between passage six and nine). One or 2 days before transplan-
tation, neurospheres were enzymatically dissociated into single-
cell suspensions and cultured in fresh neurosphere media. On
the day of transplantation, cells were harvested and counted,
their viability was determined, and they were resuspended at a
density of 10° cells per ul. The cells were enumerated by
collagenasing a small aliquot of the harvested cells on the day of
transplantation; transplanted cells were a combination of single
cells and small clusters.

Distal Middle Cerebral Artery Occlusion (dMCAo). All animal proce-
dures were approved by the Stanford University Administrative
Panel on Laboratory Animal Care. Adult male Sprague—Dawley
rats (320 = 10 g) were anesthetized with isoflurane, and the
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distal MCA was exposed through a burr hole between the left eye
and ear, cauterized, and cut just above the rhinal fissure (see ref.
23). Common carotid arteries were exposed by means of a ventral
midline incision and occluded for 1 h. The suture was removed,
the wound was closed, and the animals were allowed to recover.
Physiological parameters [electrocardiogram (ECG), core tem-
perature, respiratory rate] were monitored and recorded
throughout.

Cell Transplantation. Cells were transplanted under anesthesia 7
days post-dMCAo when lesion sizes were relatively stable,
allowing targeting of the peri-infarct by using predetermined
coordinates. Also, the acute release of products of tissue damage
and death should have subsided at 7 days, providing a potentially
less hostile graft environment (24). Rats were given three 1.0-ul
deposits of suspended cells (1 X 10 cells per ul, n = 13, or 1.0
wl of buffer vehicle, n = 12) along the anterior-posterior axis into
the cortex at these coordinates: (i) anterior—posterior (A-P), +1;
medial-lateral (M-L), —1.2; dorsal-ventral (D-V), —2.7; (ii)
A-P, —0.26; M-L, —1.2; D-V, —2.6; (iii) A-P, —1.8; M-L, —1.0;
D-V, —1.8. Deposits were delivered at 0.5 ul/min by an infusion
pump. The needle was left in situ for 2 min postinjection before
being slowly removed.

Cyclosporine A Treatment. Rats were immunosuppressed by daily
i.p. injection of cyclosporine A (CsA, 10 mg/kg) from 6 to 35
days post-dMCAo.

Tissue Processing. Four weeks posttransplantation, rats were
transcardially perfused with heparinized saline (0.5%) and fixed
with 4°C paraformaldehyde (PFA, 3%). Brains were left in the
skull overnight in 3% PFA at 4°C, then transferred to 20%
sucrose/3% PFA. Five equidistant sets of coronal sections (40
pm thick) were prepared on a cryostat and stored in cryopro-
tectant at —20°C until required.

Lesion Size. Because very little ischemic tissue remains 5 wk after
dMCAo, we estimated lesion size as a percentage of the whole
brain by using the following: [(area of contralateral hemi-
sphere) — (area of remaining ipsilateral hemisphere)/(area of
contralateral hemisphere) X 100/2]. The area of both hemi-
spheres was measured on eight serial coronal sections per brain
(200 um apart) stained with hematoxylin and eosin, and the area
of the infarct was averaged over these eight levels.

Immunohistochemical Staining. Free-floating sections were
blocked in PBS/1% BSA containing 5% normal serum of the
species in which the secondary antibody was raised. Primary
antibodies were diluted in PBS containing 1% BSA and the same
serum used in the block (5%). Human cells were labeled with an
antibody specific to human cytoplasm (SC121, StemCells) that
has been shown to react with >90% of human neural cells and
does not crossreact with rat cells (unpublished results). Endog-
enous peroxidase activity was quenched with H,O, (0.3%), and
sections were blocked for 30 min and incubated overnight at 4°C
with SC121 (1:3,000). Sections were washed and incubated with
biotinylated secondary antibody (Vector Laboratories) for 30
min, washed, incubated with an avidin-biotin-peroxidase com-
plex (30 min, ABC, Vectastain Elite; Vector Laboratories), and
visualized with the chromogen Vector NovaRED (Vector Lab-
oratories). Isolectin B4 (IB4; Sigma) was used to detect inflam-
matory cells of monocytic lineage (macrophages, microglia, and
monocytes). This staining differed slightly; sections were treated
with H>O,, blocked in serum, and incubated with peroxidase-
labeled I1B4 (10 pg/ml) for 3 h at room temperature and
colorized with diaminobenzidine (DAB).
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Immunofluorescence Staining. Triple-label immunofluorescence
staining was carried out on coronal sections adjacent to those
used for immunohistochemistry. Sections were labeled with
biotinylated SC121, Hoechst dye to label nuclei (1:1,000, Mo-
lecular Probes), and either anti-p-tubulin III (Tuj-1, 1:2,000,
Covance Research Products, Berkeley, CA), anti-glial fibrillary
acid protein (GFAP, 1:800, Advanced ImmunoChemicals, Long
Beach, CA), anti-doublecortin (Dcx, 1:100, Santa Cruz Biotech-
nology), anti-NG2 chondroitin sulfate proteoglycan (NG2, 1:30,
Chemicon), or anti-CXCR4 (CD184, 1:100, BD Pharmingen).
Sections were blocked as above and incubated overnight at 4°C
with primary antibodies. After washes in PBS, sections were
incubated with fluorescence-conjugated secondary antibodies
for 1 h (goat-anti-rabbit Cy3, 1:2000, Jackson ImmunoResearch,
or Alexa Fluor 568 or streptavidin-488, 1:500, Molecular
Probes). Fluorescence-labeled sections were viewed under a
confocal microscope.

Unbiased Stereology and Cell Counting. Transplanted human and
IB4-positive cells were counted by using unbiased computational
stereology [fractionator method, using STEREOINVESTIGATOR
software (MicroBrightfield, Brattleboro, VT)]. Human cells
were counted in the well defined bolus and in the migrating
population outside the bolus. The bolus population was esti-
mated from hematoxylin and eosin-stained sections spaced 200
uM apart. Purple hematoxylin-stained nuclei were counted;
large, yellow/brown inflammatory or blood cells were not
counted. We confirmed that the counts were representative by
counting several adjacent sections stained with an antibody to
human nuclei. Migrating cells were counted on every tenth
SC121-stained section (400 um apart). The densely packed cells
in the bolus could not be discerned from one another when
stained with SC121. The density of cells migrating from the graft
toward or away from the lesion was measured by counting the
cells found in a 150-um wide strip lying 60 um either side of the
graft and running the graft’s length. IB4-positive cells in the
ischemic cortex were estimated over eight coronal sections (200
wm apart, sections adjacent to those used to measure lesion size).
Human cell counts were corrected by using the Abercrombie
correction factor (nuclear diameter was 4.49 um, determined
from measurements of >30 human cell nuclei in our stained
sample). The proportion of SC121-labeled cells also stained with
lineage-specific phenotype markers was determined by confocal
microscopy. Split panel and z axis analysis were used for all
counting. One hundred or more SC121-positive cells were scored
for each marker (Tuj-1 and GFAP) per animal.

Statistics. All means are presented = SEM. Correlations were
computed with the Pearson correlation test by using INSTAT and
PRISM (GraphPad, San Diego). A Poisson regression analysis by
using “proc genmod” in SAS (SAS Institute, Cary, NC) was
performed on the cell migration data.

Results

hCNS-Derived Neurospheres Survive in Ischemic Cortex. Rats received
three deposits of hCNS-derived neurospheres along the anterior-
posterior axis of the ipsilateral cortex 7 days after dIMCAo (Fig. 14).
Four weeks later, brains were stained with a human-specific anti-
body (SC121) to identify the transplanted cells. Few cells survived
when they were transplanted close to the lesion cavity (Fig. 14,
lateral coordinates); only one of nine rats had many cells survive at
coordinates immediately adjacent to the lesion (data not shown).
Cells survived robustly when transplanted more medially into
nonischemic tissue adjacent to the lesion; on average 100,147 =
28,944 (33.4 £ 6.1% of the initial 300,000) cells survived at these
coordinates (Fig. 1). There was no correlation between the number
of surviving cells and the distance from the lesion in these more
medial transplants (data not shown; the distance between the cells
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Fig. 1. Survival of hCNS-derived neurospheres in the ischemic brain. (A)

Schematic of lesion (shaded area) and transplant coordinates. The three
sections represent the three levels on the A-P axis where cells were trans-
planted. Cells transplanted close to the lesion core (O) showed reduced
survival; cells transplanted more medially (X) further from the lesion showed
robust survival. The medial coordinates were used for this study. (B) Quanti-
tation of the number of surviving cells in rats subjected to dMCAo 4 wk
posttransplant. The gray bar indicates the number of cells in the graft bolus;
the black bar represents the number of cells migrating from the graft (the
asterisk denotes that the migrating population was not counted in this
animal). On average, 100,147 * 28,944 cells survived.

and lesion varies due to variation in lesion size). Thus, cells were
able to survive near the lesion as long as they were transplanted into
nonischemic tissue.

Lesion Size, Inflammatory Response, and Cell Survival. Adjacent
sections were stained with hematoxylin and eosin to measure
lesion size or IB4 to detect inflammatory cells of monocytic
lineage. The number of IB4-positive cells in the ischemic cortex
of transplanted rats directly correlated with lesion size (Fig. 24;

P = 0.011 by Pearson correlation test). In 10 of 12 rats, there was
a strong negative correlation between the numbers of 1B4-
positive cells and surviving transplanted cells (Fig. 2B; P = 0.002
by Pearson correlation test). Lesion sizes did not differ signifi-
cantly between transplanted and buffer-treated rats 4 wk after
transplantation (Fig. 2C).

Human Cells Migrate Toward the Ischemic Lesion. Inmunostaining
with SC121 revealed extensive migration of human cells toward
the lesion (up to 1.2 mm), mainly through the cortex (Fig. 3
A-D). Significantly more cells migrated from the graft toward
the lesion than in the opposite direction, toward the midline (Fig.
4, P < 0.0001). In naive rats, cells migrated in smaller numbers
over short distances (~0.2 mm) in a radial fashion (Fig. 3).

Human Cells Express the Chemokine Receptor CXCR4. Double label-
ing with human-specific SC121 and an anti-CXCR4 antibody
revealed a subset of cells at the lesion border and some migrating
cells that expressed the chemokine receptor CXCR4 (Fig. 5).

Migrating Human Cells Express Lineage-Specific Phenotype Markers.
Triple labeling with SC121, a nuclear label (Hoechst) and lineage
markers (below) were imaged by confocal microscopy. The marker
profile of the cells depended on their location relative to the lesion.
A large proportion (49 = 5%) of human cells near the lesion border
expressed the immature neuronal marker B-tubulin IIT (Fig. 6
A-D); a smaller proportion (14 = 7%) expressed GFAP (Fig. 6F),
a marker of astrocytes or undifferentiated precursors (25). Most of
these cells were near the lesion (0—60 wm), but some were further
away (150 um). Cells between the graft and lesion border rarely
expressed B-tubulin or GFAP but did express the migrating neu-
roblast marker Dcx (Fig. 6F). No human cells, not even those in
white matter, labeled with the oligodendrocyte precursor marker
NG?2 (data not shown); this antibody did recognize rat cells and has
also been shown to label the human cells in vitro. Thus, the cells’
microenvironment seems to influence their differentiation, and the
majority of cells migrating from the graft were neuronal, not
astrocytic, precursors. Marker profiles in naive rats could not be
assessed because cells were too densely clustered within the graft
bolus to distinguish individual phenotypes.

Discussion

Here, we demonstrate that intracerebral grafts of purified,
unmodified, hCNS-derived neurospheres survive in the ischemic
brain of adult rats. Targeted migration toward the lesion was
observed, and most migrating cells had a neuronal phenotype.
Similar human neural progenitor cells have been used in animal
models of PD (15, 16) and HD (14), and delivered intravenously
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Fig.2. Lesionsize and inflammatory response. (A) IB4-positive inflammatory cells in the cortex of cell-transplanted rats were counted in eight sections adjacent

to those used to measure lesion size. Lesion size was directly correlated with the number of IB4* cells. (B) In 10 of 12 cell-transplanted rats, the total number of
surviving human cells (i.e., cellsin the graft bolus plus migrating cells) was negatively correlated with the number of IB4-positive cells. An asterisk indicates animals
excluded from the correlation. (C) There was no difference in lesion area in cell-treated and buffer-treated rats. Lesion area (mean = SEM of 12 or 13 animals)
was measured over eight levels per brain to get a total lesion area per animal.
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Fig. 3. Migration of transplanted human cells. (A) Schematic showing
extensive migration of human cells (small circles) toward the lesion in dMCAo
brains compared to very little migration away from the graft (gray oval) in
naive brains. (B) 4wk posttransplant, sections were labeled with the human-
specific antibody SC121, to identify human cells, and visualized with diami-
nobenzidine (DAB) (brown). Low magnification images depict the cells mi-
grating long distances primarily toward the lesion in dMCAo brains. Cells
transplanted into naive rats migrated little and equally in all directions. Shown
are higher-magnification images of dMCAo (C and D) and naive (E and F)
brains. Arrowhead indicates lesion. (Scale bar = 200 uM.)

in animal models of stroke (20, 26). Compared with a PD or HD
brain, the massive cell death and inflammatory response in the
ischemic brain creates a more hostile environment for trans-
planted cells, an assertion supported by our finding of a negative

11842 | www.pnas.org/cgi/doi/10.1073/pnas.0404474101
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Fig.4. Quantification of the human cell migration in dMCAo brains. Human
cells stained with the human-specific antibody SC121 4 wk posttransplant in
dMCAo brains were counted by using unbiased stereology. The number of
cells migrating from the graft toward the lesion (laterally) was greater than
the number migrating away from the lesion (medially) (***, P < 0.0001). Data
are means = SEM from 11 animals.

correlation between the inflammatory response and cell sur-
vival. Showing that grafts remain viable in this model is an
important step toward assessing the potential of these cells to
ameliorate the damage caused by stroke in humans

Cell Survival. Graft placement relative to lesion was a critical
determinant of cell survival. Cells deposited close to the lesion
edge did not survive well, but transplants survived robustly when
located more medially, further from the lesion. Cell survival
within this more medial group did not correlate with the distance
of the graft from the lesion. This finding suggests that there is no

CXCR4

human marker

Fig. 5. Transplanted human cells express the chemokine receptor CXCR4.
Shown are confocal images from lesioned brains of human cells labeled with
the human-specific antibody SC121 (green) and an anti-CXCR4 antibody (red);
nuclei are stained with Hoechst (blue). (A) Representative image of migrating
human cells. (B) Representative image of human cells at the lesion border. An
asterisk indicates double-labeled cells; arrowhead indicates human cells that
did not express CXCR4.
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Fig. 6. Marker profile of human cells depends on proximity to the lesion. (A) Immunostaining of human cells (brown) with human-specific antibody SC121.
Boxes show the location of the cells in the other panels. (Scale bar = 500 um.) (B-F) Confocal images: human cells labeled with SC121 are green, nuclei stained
with Hoechst are blue, and various phenotypic markers are in red. An asterisk denotes double-labeled cells. (Scale bar = 20 uM.) (B) Many human cells at the
lesion border (box 1 in A) express B-tubulin llI. (C) Higher magnification of demarked area in B. (D) Orthogonal view to confirm double labeling with the human

marker and B-tubulin I1I. (E) Cells at the lesion border also express GFAP. (F) The migrating cells (box 2 in A) express doublecortin.

local gradient of factors affecting survival but rather that the
hCNS-derived neurospheres can survive if they are transplanted
into nonischemic tissue.

The negative correlation of cell survival to lesion size and
IB4-positive cells suggests that inflammatory cytokines are
detrimental to the transplanted cells. This suggestion is sup-
ported by work of Lindvall and colleagues (27), who show that
newborn neurons in the adult rat are endangered by inflamma-
tory cytokines and that their survival can be enhanced by
blocking inflammation with minocycline. Given that the mag-
nitude of the inflammatory response and the types of cytokines
present change with time after ischemia (24), these data imply
that the timing of the transplant could significantly influence
graft survival, with greater survival predicted if cells are trans-
planted when inflammation has subsided.

Cell Migration. In naive brains, transplanted cells migrated little
(=~0.2 mm) in 4 wk. In ischemic brains, cells migrated extensively
(up to 1.2 mm) primarily toward the lesion through the cortex.
Similar findings have been reported by others; human neural
precursors injected into the tail vein homed to sites of damage
in the stroke brain (20) and migration toward a site of injury or
pathology was also reported with mouse neural and embryonic
stem cells and with conditionally v-myc immortalized mouse
neuroepithelial stem cells transplanted intracerebrally (11, 28,
29). Whether this targeted migration is due to a loss of repulsive
cues normally found in the parenchyma or to chemoattractant

Kelly et al.

signals such as cytokines is not known. Although several mech-
anisms may be involved, the inflammatory response may play an
important role (30). Many migrating cells and cells at the lesion
border expressed the chemokine receptor CXCR4 (31), suggest-
ing that many transplanted cells have the potential to respond to
a chemokine signal. It is of note that a CXCR4 antagonist was
reported to inhibit the migration of SVZ-derived neurospheres
in vitro (31). Not all of our migrating human cells expressed
CXCR4, however. Perhaps the receptor was down-regulated on
these CXCR4-negative cells, or these cells may be a neural subset
that express different chemokine receptors, responding to other
chemokines. Alternatively, these cells may never have expressed
a chemokine receptor, which would imply a chemokine-
independent mechanism of migration.

Human neural precursor cells did not migrate extensively in
rodent models of PD or HD (14, 15). PD and HD lesions are
much smaller than the present ischemic infarcts, so migratory
signals may be weaker. However, migration potential may be, in
part, an intrinsic property of the cell. Svendsen et al. (16) found
that changing culture conditions or transplanting cells as neu-
rospheres rather than dissociated cells enhanced their migration
in a PD brain. Zhang et al. (32) also observed that how SVZ
progenitors were grown influenced their ability to migrate
through nonneurogenic regions. Interestingly, the migration
observed by Svendsen et al. at 20 wk posttransplant was not
targeted, but was a more radial migration similar to that seen
when human neurospheres were transplanted into a nonneuro-
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genic region of naive brains (33, 34). Together, these data
suggest that there are two types of migration: a short-distance,
radial diffusion-like migration influenced perhaps by intrinsic
properties of the cells, and a targeted long-distance migration
dependent on environmental signals emanating from injury.

Cell Differentiation. The marker profile of the transplanted cells
seemed to be location-dependent. Human cells near the lesion
border were more likely to express the immature neuronal marker
B-tubulin than the astrocytic or undifferentiated progenitor marker
GFAP, whereas migrating cells that had not reached the lesion
expressed doublecortin (35). Modo ef al. (11) obtained similar
results with conditionally immortalized mouse neuroepithelial cells
transplanted into the striatum of the ischemic brain. None of our
cells expressed the oligodendrocyte marker NG2 at this time point;
this finding is consistent with the results of Wennersten et al. (36),
who transplanted human neural progenitors into a rat model of
cortical trauma. However, we (N.U., unpublished data) and others
(37) have shown that hCNS-derived neurospheres or other neural
progenitors can become oligodendrocytes that myelinate axons of
the myelin-deficient shiverer mouse. Our finding that the majority
of the cells that migrated away from the graft were immature
neurons is in contrast to studies in which human neurospheres
transplanted into nonneurogenic regions (e.g., cortex or striatum)
of naive or PD brains remained immature or became astrocytes (15,
16, 22, 33, 34). In these studies, some neurons were observed but
close to the graft core; the migrating cells were mostly GFAP*. The
tendency for our migrating cells to express neuronal markers may
reflect the influence of the microenvironment of the ischemic brain,
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