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ABSTRACT

Neural stem cell (NSC) transplantation is a promising therapeutic approach for neurological dis-
eases. However, only a limited number of cells can be transplanted into the brain, resulting in
relatively low levels of engraftment. This study investigated the potential of using a cell surface
marker to enrich a primary NSC population to increase stable engraftment in the recipient brain.
NSCswere enriched from the neonatalmouse forebrain using anti-CD15 (Lewis X antigen, or SSEA-1)
in a “gentle” fluorescence-activated cell sorting protocol, which yielded >98% CD15-positive cells. The
CD15-positive cells differentiated into neurons, astrocytes, and oligodendrocytes in vitro, after with-
drawal of growth factors, demonstrating multipotentiality. CD15-positive cells were expanded in vitro
and injected bilaterally into the ventricles of neonatal mice. Cells from enriched and unenriched donor
populationswere found throughout the neuraxis, in both neurogenic and non-neurogenic regions. Total
engraftmentwas similar at 7 days postinjection, but by 28 days postinjection, after brain organogenesis
was complete, the survival of donor cells was significantly increased in CD15-enriched grafts over the
unenriched cell grafts. The engrafted cellswereheterogeneous inmorphology anddifferentiated into all
three neural lineages. Furthermore, in the CD15-enriched grafts, there was a significant shift toward
differentiation into oligodendrocytes. This strategymay allow better delivery of therapeutic cells to the
developing central nervous system and may be particularly useful for treating diseases involving white
matter lesions. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:444–454

INTRODUCTION

Neural stem cells (NSCs) are a potential source
for cell-mediated therapy in neurogenetic and
neurodegenerative diseases [1–4]. Clinical trials
are ongoing for the use of neural stem cells for
different neurological diseases [5, 6]. The emer-
gence of pluripotent stem cells that can differen-
tiate into a variety of special neural phenotypes
has stimulated additional trials for developing
cell-based intervention of neurological diseases
[7]. However, the conditions for reliable, well-
tolerated, and effective cell therapies in brain
disease are not yet fully established. Both pre-
clinical data that uncover the basic biology of
NSC, offering a more solid rational for the design
of clinical studies, and pilot trials to ensure the
safety and feasibility issues of NSC transplanta-
tion need to be addressed for a successful clinical
trial.

Previous studies have shown that it is possi-
ble to deliver a therapeutic protein in the mouse
brain by transplantation of immortalized NSCs
[8, 9]. Cell lines have been very useful for certain

experiments, but since they are immortalized
clones, they do not represent the heterogeneous
populationofNSCs thatwould beused for ex vivo
gene therapy with a patient’s own cells. How-
ever, primary NSCs are limited in the ability to
survive and migrate in vivo [10–12], necessitat-
ing strategies to improve engraftment. Trans-
plantation for therapeutic applications in the
brain is also limited by the number of cells that
can be safely injected. Thus, we assessed
whether enrichment for an early NSC population
could increase the total amount of stable en-
graftment in recipient brains.

Previous studies have used fluorescence-ac-
tivated cell sorting (FACS) for various markers to
enrich different mouse NSC subpopulations [13–
17]. We chose to enrich the CD15 population be-
cause studies suggest that it plays an important
role in migration and in growth factor signaling:
(a) anti-CD15 antibodies disturb migration, ag-
gregation, adhesion, and process formation of
various neural cell types, including NSCs, astro-
cytes, and neurons [18–20]; and (b) CD15-con-
taining glycans can modulate growth factor
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signaling and notch signaling pathways to affect proliferation
and self-renewal [21–23].

We analyzed CD15-enriched and unenriched NSCs for their
ability to survive, migrate, and differentiate in vivo after trans-
plantation into neonatal mouse ventricles. NSCs were enriched
for CD15-positive cells using a “gentle” FACS procedure to pre-
serve cell viability. CD15-enriched NSCs showedmore robust en-
graftment than unenriched NSCs at 4 weeks post-transplanta-
tion. In addition, after differentiation, the CD15-enriched NSC
grafts had significantly more oligodendrocytes compared with
the unenriched grafts. Better survival of donor cells, injected into
the developing brain, may be useful for therapeutic delivery in
diseases with dispersed lesions, and the increased differentia-
tion into oligodendrocytes in vivo may be particularly useful for
diseases affecting white matter.

MATERIALS AND METHODS

Animals
C3H/SCID and transgenic green fluorescent protein (GFP) mice
(C57BL/6-Tg(CAG-EGFP)131Osb/LeySopJ) were obtained from
the Jackson Laboratory (Bar Harbor, ME, http://www.jax.org)
and were maintained in a breeding colony at the Children’s Hos-
pital of Philadelphia. The GFP transgenic mouse line contains
“enhanced” GFP cDNA under the control of a chicken �-actin
promoter and cytomegalovirus enhancer. Animal procedures
were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and were approved by the Insti-
tutional Animal Care and Use Committee of the Children’s Hos-
pital of Philadelphia.

Microdissection of Mouse Brain
Postnatal day 2, neonatal GFP mice were cryoanesthetized by
placing them on ice for 4 minutes. The brains were removed and
placed into a phosphate-buffered saline (PBS) solution. The sub-
ventricular zone (SVZ) was microdissected by transversely sec-
tioning precisely caudal to the olfactory bulbs and rostral to the
hippocampus. The SVZ was then separated and dissected free
from the adjacent brain tissue. NSC cultures were isolated as
previously described [24] with the following modifications: (a)
digestion of tissue in 0.25% trypsin (Worthington Biochemical,
Lakewood,NJ, http://www.worthington-biochem.com)was per-
formed, and (b) Dulbecco’s Modified Eagle’s Medium: Nutrient
Mixture F-12 (DMEM/F12; 1:1 ratio; Gibco-BRL, Gaithersburg,
MD, http://www.invitrogen.com) culturemediumwas used. The
cells were triturated and resuspended in 10% fetal bovine serum
(FBS) plating medium (as described below). The total number of
viable cells was determined by hemocytometer, and cell viability
was assessed using trypan blue exclusion (0.4%; Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com).

Primary Murine NSC Culture
The isolated NSCs were plated into 25-cm2 tissue culture
flasks (Corning Costar, Acton, MA, http://www.corning.com/
lifesciences) coated with 10 �g/ml poly-L-lysine (Sigma-Aldrich)
and expanded as reported previously [24]. Briefly, the cells were
plated in 10% serum-containing plating medium consisting of
DMEM/F12 with supplements and growth factors. After 48
hours, themediumwas changed to feedingmediumconsisting of
DMEM/F12 supplemented with 1% N2 supplement (Gibco-BRL),

1% penicillin, streptomycin, and fungizone (PSF) solution (Gibco-
BRL), 1% L-glutamine (Gibco-BRL), 1% FBS, 20 ng/ml epidermal
growth factor (Promega, Madison, WI, http://www.promega.
com), 20 ng/ml basic fibroblast growth factor (Promega), and 10
�g/ml heparin (Sigma-Aldrich). The NSC cultures were main-
tained at 37°C in humidified 5% carbon dioxide tissue culture
incubators. Cultures were fed every 2–3 days by changing half of
themedium and adding fresh growth factors. Cultures were pas-
saged and subcultured every 6–8 days by gently dissociating
with TrpLE Express (Invitrogen, Carlsbad, CA, http://www.
invitrogen.com). TrpLE was used for dissociation of the cells in
culture,which also improves viability [25]. Cell doubling timewas
determined as described earlier [24]. NSCs obtained after two
passages were processed for fluorescence-activated cell sorting.

Fluorescence-Activated Cell Sorting
For flow cytometry, the cells were resuspended in PBS and
passed through a 40-�mcell strainer (BD Biosciences, San Diego,
CA, http://www.bdbiosciences.com) to separate nondissociated
clumps. The GFP-positive NSCs were blocked with 5% BSA solu-
tion in PBS and divided into two samples: (a) CD15-enriched NSC
sample, which was labeled for surface NSC marker CD15 and
sorted for double-positive (CD15� and GFP�) cells, and (b) un-
enriched NSC sample, not labeled with anti-CD15, but passed
through the sorter under identical conditions and sorted for all
GFP-positive cells. All of the treatments of the unenriched versus
enriched samples were identical, except for the presence or ab-
sence of primary CD15 antibody. For CD15 staining, the sample
was incubated with anti-CD15 monoclonal antibody (MMA clone;
BDPharmingen, SanDiego, CA, http://www.bdbiosciences.com; 25
�l in 100 �l of cell suspension of 1 � 106 cells) in staining solution
(3% BSA/PBS) for 20 minutes at 4°C. Unenriched NSC sample was
incubated in the staining solution (3% BSA/PBS) without CD15 anti-
body. NSCs from both samples were washed in PBS and then were
incubated in secondary fluorescent-conjugatedantibody (Millipore,
Billerica,MA, http://www.millipore.com; goat anti-mouse IgMCy5,
1:300) on ice for 15 minutes. The cells were washed and resus-
pended in the sort buffer containing 1% BSA, 5 mM EDTA, and 1%
glucose for cell sorting on FACSVantage SE with DiVa option (BD
Biosciences). 4�,6-Diamidino-2-phenylindole (DAPI; Invitrogen; 1
�g/ml) was used for staining to exclude dead cells. The collected
data were additionally analyzed using FlowJo software (Tree Star,
Ashland, OR, http://www.treestar.com). Background fluorescence
was measured using unlabeled cells and was used to set gating pa-
rameters between positive and negative cell populations. Cell ag-
gregations and small debris were excluded from isolation on the
basis of side scatter and forward scatter. Gentle FACS conditions
were used (100-�m nozzle, 15 psi, 30-kHz drop-drive frequency)
[26]. Postsort purity of enriched NSC population was determined.
The sorted cells were replated in theNSCmedium for twopassages
to increase the number of cells before injections into the host
brains.

Immunocytofluorescence and Immunohistofluorescence
For immunocytofluorescence and immunohistofluorescence,
the cells were washed with PBS and fixed for 15 minutes in 4%
paraformaldehyde (PFA; Sigma-Aldrich) in PBS, pH 7.4. After an-
other wash with PBS, the cells were incubated in blocking solu-
tion (5% normal goat serum in PBS-0.1% Triton X-100 for immu-
nocytofluorescence and 10% normal goat serum in PBS-0.3%
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Triton X-100 for immunohistofluorescence) for 40 minutes. The
cells were incubated with the appropriate primary antibody in
3% normal goat serum in PBS-0.1% Triton X-100 solution for im-
munocytofluorescence and 10% normal goat serum in PBS-0.3%
Triton X-100 solution for immunohistofluorescence for 60 min-
utes at room temperature or 4°C overnight. Following washes
with PBS, the cells were incubated for 45 minutes at room tem-
perature with the secondary antibodies, washed with PBS, and
mounted in Vectashield with DAPI (Vector Laboratories, Burlin-
game, CA, http://www.vectorlabs.com). The cells were incu-
bated with one of the following primary antibodies: mouse anti-
nestin (1:100, Rat 401; Developmental Studies Hybridoma Bank,
IowaCity, IA, http://dshb.biology.uiowa.edu/), rabbit anti-nestin
(1:200; Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://
www.scbt.com), rabbit anti-glial fibrillary acidic protein (GFAP)
(1:1,000; Millipore), anti-CD15 MMA clone (1:100; BD Pharmin-
gen), mouse anti-tubulin, tuj1 clone (1:2,000; Millipore), rabbit
anti-tubulin (1:200; Sigma-Aldrich), goat anti-doublecortin (DCX)
(1:200; Santa Cruz), mouse anti-MAP2ab (1:300; Millipore), and
APC/CC1 (1:100; Millipore). Appropriate fluorescent-conjugated
secondary antibodies (1:250 dilution) were used including fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG,
FITC-conjugated goat anti-mouse IgG�M, Alexa Fluor 594 goat
anti-rabbit IgG (H�L), Alexa Fluor 594 goat anti-mouse IgG
(H�L), Alexa Fluor 594 donkey anti-goat IgG, or rhodamine-con-
jugated goat anti-mouse IgG (all fromMolecular Probes, Eugene,
OR, http://probes.invitrogen.com). For galactosylceramidase
(GalC) immunostaining, live cells were stained with the primary
GalC hybridoma antibody (1:1; kind gift from Dr. J. Grinspan,
Children’s Hospital of Philadelphia) and secondary antibodies (1:
250; rhodamine-conjugated goat anti-mouse IgG; Molecular
Probes) followed by 4% PFA fixation. The images were captured
and analyzed using a fluorescencemicroscope (AF6000 LX; Leica,
Heerbrugg, Switzerland, http://www.leica.com) and CCD cam-
era (DFC 360FX; Leica) or confocal microscope (FV1000, Olym-
pus, Center Valley, PA, http://www.olympusamerica.com; or
LSM510 META NLO, Carl Zeiss, Jena, Germany, http://www.
zeiss.com).

Cell Preparation and Transplantation
NSCs harvested from the forebrain of GFP mice were sorted and
expanded in vitro for two passages. The cells were injected in a
suspension of 2 �l of PBS (60,000–90,000 cells) bilaterally into
the ventricles of neonatal SCID mice at postnatal day 1 or 2.
There were no apparent differences in engraftment whether the
cells were injected at postnatal day 1 or 2. Transplantation pro-
cedures were similar to those previously detailed [8]. On the day
of transplantation, tissue culture flasks containing 80%–90%
confluent cells were trypsinized, and NSCs were resuspended in
sterile PBS for injection. The cells were maintained on ice during
surgery, and the remaining cells were analyzed for cell viability
using trypan blue dye exclusion afterward.

Tissue Processing

The animals were deeply anesthetized and transcardially per-
fused using normal saline followed by 4% PFA in PBS. The brains
were dissected and transferred to a solution of 4% PFA overnight,
washed in PBS�NaN3, and then embedded in 2% agarose. Serial
coronal vibratome-cut sections (six series, 50 �m thick) were pro-
cessed for histology and immunofluorescence analysis. Sections
weremountedwithVectashieldmountingmediumcontainingDAPI
orwere immunostainedwithneural lineagemarkers andwerevisu-
alized using immunofluorescence microscope or confocal micro-
scope. All images used for quantification were captured with iden-
tical settings.

Cell Counts and Image Acquisition

The number of engrafted cells was assessed in 50-�m-thick cor-
onal brain sections. The cells were counted in every sixth section
fromeach transplanted animal, resulting in 20–25 sections being
analyzed per animal, which were evenly spaced throughout the
rostrocaudal extent of the brain (three or four mice per treat-
ment group). Data acquisition was performed by one person,
whowas blinded to the status of donor cells, and repeated three
times. The triple counts yielded very lowvariance for all analyses,
thus validating the precision of the manual counting method.
The engrafted cells were counted separately for distribution,
percentage survival, and differentiation. The distribution was
measured as the farthest extent of GFP� donor cells found in
each of the primary brain axes (rostral-caudal, medial-lateral,
and dorsal-ventral) matched to the sterotaxic brain atlas of the
mouse [27], averaged for multiple animals (Table 1), and ad-
justed for the smaller brain dimensions of 7-day-old mice. The
percentage of survival was expressed as the total number of
engrafted cells counting every sixth section, divided by one-sixth
of the total number of transplanted cells, multiplied by 100. Dif-
ferentiationwas determined by counting GFP� cells with typical
morphology for undifferentiated, neuronal, astrocytic, or oligo-
dendrocytic cell type using fluorescent microscopy. This method
of counting based on morphology was validated in representa-
tive coronal brain sections (four to six slices per group) by immu-
nofluorescence staining with lineage-specific markers, followed
by confocalmicroscopy analysis. The z-stackswere recordedon a
confocal microscope using a Zeiss Plan-Neo 63�/NA 1.4 oil im-
mersion lenswith a 405-nmdiode laser, 488-nm argon laser, and
568-nm krypton laser excitation wavelengths. Images were im-
ported into ImageJ and adjusted for brightness and contrast. The
correlations between morphological and immunomarker identi-
fication of cell types were determined by an exact binomial ap-
proach (R 2.15.1), which was used to construct 95% confidence
intervals (CIs), which were in the range of 99%–100%, and the
probability of success was in the range of 95%–100%.

Table 1. Extent of donor cell distribution along brain axes

Rostral-caudal Dorsal-ventral Medial-lateral

Days
post-transplant Enrichment

Number of
mice (n)

Mean � SEM
(mm) Significance

Mean � SEM
(mm) Significance

Mean � SEM
(mm) Significance

7 None 10 6.8 � 0.4 p � .48 3.1 � 0.1 p � .19 3.0 � 0.1 p � .31
CD15� 12 7.2 � 0.4 3.3 � 0.1 3.2 � 0.1

28 None 8 8.3 � 0.5 p � .10 3.9 � 0.1 p � .16 3.1 � 0.1 p � .24
CD15� 7 9.5 � 0.4 4.2 � 0.1 3.4 � 0.2
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Statistical Analysis
Statistical analyses were performed using two-tailed unpaired
Student’s t test for two-group comparison with GraphPad Prizm
software 5.0a for Macintosh or using one-way analysis of vari-
ance followedby Bonferroni correction. The datawere log-trans-
formed to analyze a normal distribution. Statistical significance
was defined as p � .05. All values are expressed as means �
SEM. The number of samples per mice is indicated in the legend
to each figure and in the body of the table.

RESULTS

Neonatal SVZ NSCs Express Characteristic Stem Cell
Markers and Are Multipotent
Cells isolated from neonatal GFP mouse forebrains, containing
the SVZ, were grown in NSC culture conditions. After two pas-
sages, all cells expressed the NSC markers nestin and GFAP (Fig.
1A, 1B) [28–31]. CD15 was expressed in approximately 18% of
the cells (Fig. 1C). NSCs were differentiated by culturing them in
the absence of growth factors for 14 days. Upon withdrawal of
growth factors, the cells differentiated into three neural lineag-
es: neurons, astrocytes, and oligodendrocytes (Fig. 1D–1F), dem-
onstrating multipotency. The NSCs proliferated in vitro with a
doubling time of 5–6 days, similar to that reported earlier [24].

FACS Enrichment Yields Highly Pure Population of
CD15-Positive Cells
The cells were enriched for CD15 using a gentle FACS protocol to
preserve maximum viability of the cells after sorting. The cells
were either sorted for GFP (the unenriched population) or for
double-positiveGFP/CD15 expression (the enriched population).
The FACS plots for a representative preparation are shown in
Figure 2. DAPI exclusion showed that approximately 76% of the
cellswere viable (Fig. 2A), doublets and clumpswere excluded by
gating (Fig. 2B, 2C), and the viable singlet cells were analyzed for
GFP (Fig. 2D) or for GFP/CD15 double-positive staining (Fig. 2E).

The mean for seven experiments was 97.8 � 0.8% positive for
GFP and 17.9 � 0.6% double positive for both CD15 and GFP.

CD15� cells directly isolated fromneonatal SVZ represented
15.5� 1.8%of total SVZ cells (Fig. 2F), whichwas 4.8-fold greater
than from adult brains of the same mouse strain using the same
FACS conditions (3.2 � 0.3%; data not shown). The amounts we
found in the adult SVZ were similar to previous studies (3%–5%).
Since the total number of CD15� cells obtained from the neona-
tal brain was small, we then expanded them in NSC culture to
obtain enough cells for transplantation. In culture, the percent-
ages of CD15� NSCs progressively increased from passage (P) 1
to P2 to P3 (7.0 � 0.3% to 17.9 � 0.6 to 37.8 � 1.5%, respec-
tively) (Fig. 2F). Postsort analysis of the CD15-enriched NSCs af-
ter P2 yielded a nearly pure population (98.2 � 0.5%) of GFP/
CD15 double-positive cells (Fig. 2F), thus sorting enriched the
cells for CD15 by 5.5-fold.

Enriched and Unenriched NSCs Actively Proliferate and
Show Similar Differentiation Profiles In Vitro
Samples of each preparation used for transplants were saved
and analyzed for NSC markers. The CD15-enriched population
was approximately 70% positive for CD15, whereas the unen-
riched population was approximately 20% positive (Fig. 3A–3C).
Almost all NSCs were positive for both nestin (Fig. 3D–3F) and
GFAP (Fig. 3G–3I) [28–31]. Some spontaneous differentiation
was seen, but the amounts were not significantly different be-
tween the enriched and unenriched preparations. Both cultures
were �99% positive for the proliferative marker Ki67 (data not
shown). Thus, the only significant difference in marker expres-
sion at the time of transplantation was for CD15, which was ap-
proximately 3.5 times more in the enriched population.

Transplanted CD15-Enriched and Unenriched NSCs
Migrate Along the Entire Rostral-Caudal Extent of the
Brain and Have Similar Patterns of Distribution Within
the Recipient Brain
The enriched and unenriched NSCs were transplanted into neo-
natal mice by infusion into the lateral ventricles. The extent of

Figure 1. Neural stem cells (NSCs) isolated from forebrains of neonatal mice express NSC markers and are multipotent. (A–C): Immunocy-
tochemical staining showing expression of intracellularmarkers nestin (A) andGFAP (B) and surfacemarker CD15 (C). (D–F):Uponwithdrawal
of growth factors, NSCs differentiated into three neural lineages, neurons (�-III-tubulin) (D), astrocytes (GFAP) (E), and oligodendrocytes
(GalC) (F). 4�,6-Diamidino-2-phenylindole was used for counterstaining. Scale bars � 100 �m (A–C) and 50 �m (D–F). Abbreviations: GalC,
galactosylceramidase; GFAP, glial fibrillary acidic protein.
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distribution of the engrafted cells was analyzed in the rostral-
caudal, dorsal-ventral, and medial-lateral axes for the unen-
riched and CD15-enriched grafts at 7 and 28 days postinjection
(dpi). A total of 37 mice were analyzed for the extent of distribu-
tion along the axes: 22mice at 7 dpi and 15mice at 28 dpi. There
was no significant difference (p � .05) between the extent of
distribution of unenriched and enriched grafts both 7 and 28 dpi
(Table 1). Additional mice analyzed at intermediate time points
(14 and 21 dpi) showed similar distribution as seen at 7 and 28
dpi (data not shown).

A group of representativemicewas analyzed for quantitative
distribution of engrafted cells in different brain subregions along
the rostral-caudal axis at 7 and 28 dpi. The brain was divided
along the rostral-caudal axis into subregions from�6 to�2,�2
to	2, and	2 to	6 (from thebregma). Representative samples
were analyzed quantitatively by counting every sixth section;
however, the intermediate sections were similar in donor cell
distribution. The percentage of GFP� cells detected in the
subregion to the total engrafted cells in the brain was calcu-
lated. The engrafted cells were distributed along the full ex-
tent of the rostrocaudal axis of the brain at 7 dpi (Fig. 4A) and
28 dpi (Fig. 4B). There was no significant difference between
the unenriched and CD15-enriched distribution at 7 dpi (p �
.05); however, at 28 dpi, a greater percentage of engrafted

cells was detected in the subregion �6 to �2 in the unen-
riched recipients compared with the enriched recipients (p �
.05).

The distribution pattern of enriched versus unenriched
cells, with respect to the structures in which engrafted cells
were found, was very similar at both time points (p � .05 for
all structures). At 7 dpi, most of the donor cells were seen near
the ventricles, including the aqueduct and the lateral and
third ventricles. At this time point, donor cells were also seen
in the olfactory bulbs, lateral septum, corpus callosum, and
hypothalamus, but very few cells were present in the cerebral
cortex. At 28 dpi, donor cells were found in the same struc-
tures as at 7 dpi, but also in the optic chiasm, fimbria, and
amygdala. Only a few cells were detected in the thalamus,
striatum, or cerebellum, and none were detected in the cere-
bral cortex.

CD15 Enrichment Results in Increased Survival in the
Adult Brain
The percentage survival of the transplanted NSCs was deter-
mined by counting the number of GFP-positive cells in the brain
at 7, 14, and 28 dpi relative to the input dose. At 7 dpi, there was
no significant difference between the number of unenriched
(5.1 � 1.7%) and CD15-enriched (4.8 � 0.2%) engrafted cells. At

Figure 2. Fluorescence-activated cell sorting (FACS) of neural stemcells (NSCs), grown for twopassages in vitro, yields a highly enrichedpopulation
of CD15-positive cells. (A–E):Representative FACS plots showing the gating strategy for GFP� cells. TheNSCpopulationwas gated for viable cells as
shown in the two-dimensional dot plot, forward scatter (FSC) versus DAPI. (A): Dead and damaged cells were excluded based on DAPI uptake to
identify the viable cell population, R1. (B, C):Gated R1 viable cells were plotted based on FSC versus side scatter, R2 (B), and FSC-A versus FSC-H, R3
(C), toexcludedoubletsandclumps. (D,E):ThegatedR3cellswereplottedbasedonGFPandCD15-Cy5 fluorescence,andgatesweredrawntodefine
all GFP� cells, R4 in the unenriched NSC sample (D), and CD15� GFP� double-positive cell population in the enriched NSC population, R5 (E).
(F):Percentagesof CD15� cells isolateddirectly fromtheneonatal subventricular zone (passage [P] 0), after passages in culture (P1, P2, andP3), and
postsort purity of enriched NSCs after passage 2. Purity of the postsort enriched double-positive population was �98.0%. Abbreviations: DAPI,
4�,6-diamidino-2-phenylindole; GFP, green fluorescent protein; NSC, neural stem cell; R, region.
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14 dpi, the total number of cells decreased compared with the
number at 7 dpi, and there also was no difference between the
brains receiving enriched versus unenriched NSCs (2.4 � 1.2%
and 2.5 � 1.0%, respectively; data not shown). In contrast, at 28

dpi the number of CD15-enriched NSCs (2.6 � 0.1%) was signif-
icantly greater than in the unenriched grafts (1.2 � 0.3%) (p �
.05). No Ki67 staining was detected at 28 days in the enriched or
unenriched grafts (data not shown), indicating that the donor

Figure 3. In vitro characterization of un-
enriched and enriched neural stem cells
(NSCs) prior to injection show similar
amounts of nestin� and GFAP� progeni-
tor cells with 3.5-fold more CD15� cells in
enriched population. (A–C): Immunocyto-
chemical staining for CD15 shows an in-
crease of CD15-positive cells from 20% in
unenriched NSCs to 70% in enriched NSCs.
(D–I): Immunocytochemical staining re-
veals similar distribution of undifferenti-
ated NSC markers, nestin (D–F) and GFAP
(G–I), between unenriched and enriched
cells. 4�,6-Diamidino-2-phenylindole was
used for counterstaining the individual
cells. The histograms (C, F, I) represent
mean percentages � SEM of immunopo-
sitive cells from five or more representa-
tive regions. Scale bar � 50 �m in all pho-
tomicrographs. Abbreviation: GFAP, glial
fibrillary acidic protein.

Figure 4. Unenrichedandenrichedneural stemcells (NSCs)migratealong theentire rostral-caudal extentof thebrain andhavedifferential survival
4weeks post-transplantation. (A, B):Distribution of unenriched (white bars) versus enriched (gray bars) NSCs at specific distances from the bregma
at7days (A)and28days (B)postinjection. Thex-axis showsdistance inmm;bregma isat0mm.They-axis shows thepercentageofgreen fluorescent
protein-positive (GFP�) cells ina subregion to total engraftedcells in thebrain.Percentagesare themeans�SEM;n�3animals foreachgroup.The
percentagedistributionof enrichedversusunenrichedwasnot significantly different at anydistanceat 7dayspostinjection (dpi) (p� .05); however,
at 28 dpi, the percentage distribution of the GFP� unenriched grafts was significantly more in the 6 to 2 mm subregion as compared with the
enriched NSCs. �, p � .05, Student’s t test with Bonferroni correction. (C): Total survival of donor cells at 7 and 28 dpi. Enriched grafts were
significantly increased at 28 dpi. �, p � .05, Student’s t test with Bonferroni correction; n � 3–4 animals. (D–I): Representative sections show
engraftmentofunenriched (D–F)orenriched (G–I)at28dpi, fromselectedregions.Whitearrowspoint towardtheGFP�engraftedcells. Scalebar�
100�m (D–I). Abbreviations: CC, corpus callosum; HC, hippocampus; LV, lateral ventricle; OB, olfactory bulb.
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cells hadwithdrawn frommitosis. The overall increase in number
of enriched NSCs was not due to significantly a larger number in
any particular brain structure but rather due to a global increase
across structures (Fig. 4D–4I). Overall, the CD15 enrichment led
to significantly better survival in the mature brain.

Engrafted NSCs Differentiate Into All Three
Neural Lineages, and CD15 Enrichment
Increases Oligodendrocytes

The engrafted cells, identified by GFP, displayed the characteris-
tic morphologies of neurons, astrocytes, and oligodendrocytes
(Fig. 5A–5C). As a practical matter, in order to quantify each type
of cell throughout each of the transplanted brains, it was neces-
sary to score them by morphology. We therefore validated this
approach by probing representative sections with lineage-spe-
cific immunofluorescent antibody staining for characteristic
markers (Fig. 5D–5W), which correlated with the morphological
identification. We used an exact binomial approach (R 2.15.1) to
construct 95% CIs on the probability that a transplanted cell with
particular cell morphology, as seen by the GFP signal, expressed
corresponding specific cell lineage marker, as shown by the im-
munostaining in Figure 5. 95% CI analysis for the morphology of
different cell type and their corresponding cell-lineage markers
was in the range of 99%–100%, and the probability of success
was in the range of 95%–100%. At 28 dpi, the immature neuro-
nal marker DCX and the mature neuronal marker MAP2ab
stained neuronal processes (Fig. 5G, 5K), anti-GFAP stained
the processes of astrocytes (Fig. 5O), and APC stained the cell
bodies of mature oligodendrocytes (Fig. 5S). Identification of
undifferentiated NSCs was done on the basis of nestin stain-
ing. Nestin-positive undifferentiated NSCs were located adja-
cent to ventricles (Fig. 5W).

The percentage of cells at 7 dpi that were nestin-positive
(undifferentiated), neurons, astrocytes, and oligodendrocytes
was not significantly different between unenriched and enriched
(undifferentiated, unenriched 35.8 � 4.7% and enriched 33.8 �
4.7%;neurons,unenriched52.2�6.4%andenriched48.8�10.1%;
astrocytes, unenriched 11.9 � 6.7% and enriched 16.9 � 5.7%;
oligodendrocytes, unenriched 0.2 � 0.1% and enriched 0.5 �
0.4%; p � .05) (Fig. 6). In contrast, at 28 dpi, the percentage of
oligodendrocytes in the enriched grafts was significantly greater
than in the unenriched grafts (unenriched 10.6 � 0.9% and en-
riched 18.5 � 0.8%; p � .001) (Fig. 6D), whereas the undifferen-
tiated cells, neurons, and astrocytes were not (undifferentiated,
unenriched 8.5 � 6.9% and enriched 14.8 � 4.9%; neurons, un-
enriched 44.0 � 5.7% and enriched 31.0 � 1.5%; astrocytes,
unenriched 36.9 � 3.4% and enriched 35.7 � 3.1%; p � .05).
Although the total number of enriched versus unenriched cells
was not significantly different at 7 dpi, there were significantly
more cells in the enriched grafts in the white matter areas of
corpus callosum (678 � 60 versus 270 � 78, n � 3, p � .05) and
external capsule (1,602� 72 vs. 906� 186, n� 3, p� .05). This
suggests that in the early post-transplant period, the enriched
donor population contained more progenitor cells with a tro-
pism for developing myelinating structures, which was later re-
flected as an increase in oligodendrocytes in themature grafts of
CD15-enriched cells.

DISCUSSION

The CD15 moiety is involved in modulating cell migration, adhe-
sion, and process formation [18–20], as well as growth factor
signaling involved in maintenance and differentiation [21–23,
32, 33]. CD15-containing glycans are expressed prominently in
neurogenic brain regions throughout development [34]. Thus,
we hypothesized that enriching NSCs for the CD15� subpopula-
tion would potentially be a useful step to increase survival in the
transplant setting. This study demonstrates that enrichment of
NSCs using the CD15 leads not only to increased survival of the
transplanted NSCs but also to preferential differentiation into
oligodendrocytes.

CD15 enrichment of adult SVZ cells yields a highly prolifera-
tive population of NSCs, which exhibit self-renewal and multipo-
tency [13, 31]. In the neonatal mouse, we found approximately
four times more CD15� cells than in the adult brain (15.5% vs.
3.2%). This probably reflects the active brain remodeling and
development that occur in the perinatal period, with an increas-
ing fraction of progenitors leaving the cell cycle to become post-
mitotic as they mature.

FACS sorting for CD15 from the neonatal mouse forebrain
yielded �98% pure CD15� fractions, resulting in an �6.5-fold
enrichment over direct isolation from the SVZ. However, since
the total number of CD15� NSCs that could be isolated directly
from the brain was limited, it was necessary to expand them in
NSC culture to obtain enough cells for transplantation experi-
ments. Since the FACS procedure is stressful for cells, we per-
formed the enrichment using the gentle FACS [26] first and then
seeded them into NSC culture medium to stabilize and expand
before transplantation. The number of CD15� cells initially de-
creased in the unenriched cultures but then after two passages
rose to �18%; thus, these transplants contained approximately
the sameproportionof CD15� cells as theywould haveusing the
direct isolation from the SVZ. The cultures of the FACS-sorted
CD15� cells declined to �70% during the two passages in cul-
ture, resulting in a 3.5-fold total difference in actual CD15� cells
injected in the unenriched versus enriched transplants. The
CD15-depleted population was not used for transplants because
CD15-negative SVZ cells have very limited self-renewal [13].

Neonatal intraventricular injectionswere performed in order
to introduce the donorNSCs at a developmentally active phase in
host brain development, when the cues for migration and mat-
uration are present in the microenvironment [8, 35, 36]. The
ventricular system provides a relatively large volume, which al-
lows injection of a larger number of cells than intraparenchymal
transplants [10, 37]. At 7 dpi, many of the donor cells were still in
a progenitor stage, but theywere already distributedwidely. The
pattern of distribution with respect to the substructures of the
brain was similar to transplants of neurosphere cells [12]. At 28
dpi, donor cells were present in additional structures, and they
were found farther away from the ventricles than at 7 dpi, indi-
cating that they continued to migrate deeper into the paren-
chyma after the initial dispersal in the first 7 days.

The number of cells stabilized in the CD15-enriched grafts
between 14 and 28 dpi (data not shown), whereas the unen-
riched grafts continued to decline. The improved survival was
accounted for by the increase in the oligodendroglial cell lin-
eages. This correlated with the presence of more donor cells in
white matter tracts at the early time point after engraftment (7
dpi). Thus, the greater number of donor cells in the CD15-en-
riched grafts could be due either to better survival of the NSCs or
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to an expansion of the oligodendroglial progenitor cells in this
fraction. By 28 dpi, there was very little staining with the prolif-
eration marker Ki67, indicating that any expansion occurred
prior to brain maturation.

The oligodendrocyte increase over time, both unenriched
and enriched NSC grafts, was coincident with the postnatal de-
velopment ofwhitematter in the brain. The increase in oligoden-

drocytesmay bemediated either by extrinsic cues present in the
white matter microenvironment, to which the uncommitted
transplanted cells respond and differentiate, or by intrinsic prop-
erties of lineage-restricted oligodendroglial progenitors selected
by the enrichment for CD15. In support of the former, the CXCR4
chemokine receptor is coexpressed with CD15 in mouse SVZ cells
[38] andplays an important role in increasing survival andmigration

Figure 5. Engrafted neural stem cells (NSCs) show heterogeneous morphology and differentiate into different neural lineages in vivo at 28
postinjection (dpi). (A–C): Confocal images of engrafted cells showing typical morphology of three neural lineages, neurons (A), astrocytes (B), and
oligodendrocytes (C). (D–W): In vivo staining with markers for the different cell types: neurons (DCX, D–G; MAP2ab, H–K), astrocytes (GFAP, L–O),
and oligodendrocytes (APC, P–S), show characteristic staining patterns. The lineage markers stained cells with corresponding morphology. (T–W):
Undifferentiated nestin-positive NSCs were present. White arrows in themerge panels indicate cells that coexpressed GFP (green) and the lineage
marker (red) in yellow. Scale bars � 20 �m (A–C), 10 �m (D–G), and 20 �m (H–W). Abbreviations: DAPI, 4�,6-diamidino-2-phenylindole; DCX,
doublecortin; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; MAP2ab, microtubule-associated protein 2a,b.
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of oligodendrocyte precursors into the corpus callosum [39–41]. In
addition, SDF-1, a ligand of CXCR4, is expressed in the corpus callo-
sum, and the CXCR4-SDF pathway has been shown to enhance
CD15-CXCR4 chemotaxis, proliferation, and survival [38].

Labeling mitotic cells in the SVZ of the adult mouse brain has
shown that type B1 NSCs, which coexpress GFAP, CD15, and nes-
tin [42], migrate to white matter tracks and differentiate into
oligodendrocytes [43, 44]. Thus, the CD15-enriched NSCs in our
study appear to be type B1 cells because they were also positive
for GFAP and nestin. In our experiments, CD15 enrichment in-
creased the number of donor cells located in white matter struc-
tures, such as the corpus callosum and external capsule, at the
earlier time point (7 dpi) after transplantation. This suggests that
soon after transplantation, the enriched donor population con-
tained more progenitor cells with a tropism for developing my-
elinating structures, resulting in more oligodendrocytes in the
mature grafts of CD15-enriched cells. Accordingly, the trans-
planted cells in our experiments appear to integrate into the
samemigratory routes as those used by endogenous progenitors
that populate white matter tracts [43, 45].

CD15 expression closely parallels that of anotherNSC surface
marker, CD133 (Prominin-1), in mouse brain cells and has been
suggested to identify similar cell types [25]. These antigens are
useful for characterizing similar subpopulations from the human
central nervous system [46, 47], which is sustained in the ex-
panded neurosphere cells, and also mark subfractions of neuro-
sphere-initiating cells [48]. This similarity between CD15 and
CD133 (Prominin-1) extends the application of this study to
larger animal models.

To our knowledge, this is the first quantitative assessment of
CD15-enriched primary NSCs in vivo in terms of survival, distri-

bution, anddifferentiationwithin the brain of a postnatalmouse.
The increased survival of CD15-enriched cells may be useful for
therapeutic delivery in diseases with dispersed lesions. The in-
creased differentiation into oligodendrocytes in vivomay be use-
ful for treating diseases affecting white matter that can be ad-
dressed by neonatal delivery of NSCs.

CONCLUSION

Primary SVZ NSCs from neonatal mice that were FACS-enriched
for surface marker CD15 and transplanted into neonatal recipi-
ents were distributed along the neuraxis at early and late time
points after injection. CD15 enrichment resulted in significantly
greater donor cell survival than with unenriched NSCs. In vivo,
the engrafted cells of either type could differentiate into all three
neural lineages (neurons, astrocytes, and oligodendrocytes), but
a significant increase in oligodendrocytic differentiation oc-
curred after CD15 enrichment. Thus, CD15 enrichment of NSCs
may improve the therapeutic potential of NSC transplantation,
particularly for treating diseases involving white matter lesions.
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