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Abstract

Transplantation of human neural stem cells into the dentate gyrus or ventricle of rodents has been re-
portedly to enhance neurogenesis. In this study, we examined endogenous stem cell proliferation and
angiogenesis in the ischemic rat brain after the transplantation of human neural stem cells. Focal cerebral
ischemia in the rat brain was induced by middle cerebral artery occlusion. Human neural stem cells were
transplanted into the subventricular zone. The behavioral performance of human neural stem cells-treated
ischemic rats was significantly improved and cerebral infarct volumes were reduced compared to those in
untreated animals. Numerous transplanted human neural stem cells were alive and preferentially local-
ized to the ipsilateral ischemic hemisphere. Furthermore, 5-bromo-2'-deoxyuridine-labeled endogenous
neural stem cells were observed in the subventricular zone and hippocampus, where they differentiated
into cells immunoreactive for the neural markers doublecortin, neuronal nuclear antigen NeuN, and astro-
cyte marker glial fibrillary acidic protein in human neural stem cells-treated rats, but not in the untreated
ischemic animals. The number of 5-bromo-2'-deoxyuridine-positive / anti-von Willebrand factor-positive
proliferating endothelial cells was higher in the ischemic boundary zone of human neural stem cells-treat-
ed rats than in controls. Finally, transplantation of human neural stem cells in the brains of rats with focal
cerebral ischemia promoted the proliferation of endogenous neural stem cells and their differentiation into
mature neural-like cells, and enhanced angiogenesis. This study provides valuable insights into the effect
of human neural stem cell transplantation on focal cerebral ischemia, which can be applied to the develop-
ment of an effective therapy for stroke.
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strated that transplanted neural stem cells (NSCs) restore
neurological function and secretion of neurotrophic factors;

Introduction
Stroke is an acute cerebrovascular disorder caused by ab-

normal blood supply to the brain due to ischemia or hem-
orrhage, resulting in extensive loss of neurons and their
connections in the damaged brain regions (Jin et al., 2005;
Go et al., 2014). Current therapy for patients with stroke is
restricted to fast vessel recanalization and pharmacological
approaches based on thrombolytic drugs (The National
Institute of Neurological Disorders and Stroke rt-PA Stroke
Study Group, 1995; Hacke et al., 2008). Despite considerable
research efforts, few treatment options for stroke are pres-
ently available, and there is an urgent need for approaches
that are clinically more effective.

Stem cell-mediated regeneration has emerged as a prom-
ising therapeutic strategy to promote regeneration after
stroke (Lindvall et al., 2004). Several studies have demon-
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furthermore, they were able to differentiate into mature
neurons and even promote endogenous neurogenesis and
angiogenesis in a cerebral ischemia model (Chu et al., 2004;
Zhang et al., 2011; Mine et al., 2013). The role that neuro-
plasticity, neurogenesis, and angiogenesis play in mediating
recovery following stroke has been recently reviewed (Ergul
et al., 2012; Hermann and Chopp, 2012). However, only a
few studies have investigated the relationship between the
transplantation of exogenous NSCs and endogenous neuro-
genesis and angiogenesis after stroke (Jin et al., 2011; Zhang
et al., 2011). Previous studies have shown that grafting of
human stem/progenitor cells or neural stem cells into the
dentate gyrus (DG) or ventricles of rodents promotes neu-
rogenesis of endogenous NSCs (Munoz et al., 2005; Park et
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al., 2010). In this study, we examined whether human NSCs
(hNSCs) directly transplanted into the subventricular zone
(SVZ), a neuroproliferative region, would promote endoge-
nous neurogenesis and angiogenesis in the brain of ischemic
rats, as intraventricularly injected NSCs can be transplanted
into the ischemic brain without cell loss (Jin et al., 2005).

Materials and Methods

Focal ischemia model

Animal housing, care, and experimental procedures were
carried out according to the guidelines of the Institutional
Animal Care and Use Committee of Seoul National Univer-
sity Hospital, Korea. An effort was made to minimize the
pain and suffering of the animals. Transient focal cerebral
ischemia was induced in Sprague-Dawley male rats, weigh-
ing 270-300 g, by intraluminal thread occlusion of the left
middle cerebral artery (MCAo) for 2 hours followed by
reperfusion (Song et al., 2009). During brain ischemia, rectal
temperature was maintained at 37 + 0.5°C using a thermis-
tor-controlled heated blanket.

hNSC preparation and transplantation

Immortalized human neural stem cell (HB1.F3) line (Kim et
al., 2008) was grown in Dulbecco’s modified Eagle medium
(Sigma, St. Louis, MO, USA) supplemented with 5% fetal
bovine serum (FBS), 5% horse serum, 100 U/mL penicillin,
100 mg/mL streptomycin (Sigma), 20 ng/mL human epider-
mal growth factor (PeproTech, Rocky Hill, NJ, USA), and 10
ng/mL human basic fibroblast growth factor (PeproTech),
and transplanted 24 hours after ischemia. Rat models of
cerebral ischemia (n = 7) were reanesthetized and placed in
a stereotaxic frame (David Kopf instruments, Tujunga, CA,
USA) with a rat head holder, and burr holes were drilled
with a dental drill. Human NSCs (1.2 x 10° cells/uL in PBS)
were injected with a Hamilton syringe into the left lateral
ventricle (—0.8 mm anterior to the bregma, 1.3 mm lateral to
the midline, and 3.7 mm beneath the dura) in a volume of 5
uL over 5 minutes, and the needle was left for an additional 5
minutes after injection (Jin et al., 2005). The control group (n
= 7) was injected with vehicle. Subsequently, bone wounds
were sealed with bone wax, and the animals were returned to
their cages. The rats were perfused with 4% paraformalde-
hyde in PBS 14 days after hNSC transplantation.

5-Bromo-2'-deoxyuridine (BrdU) administration

To detect cell mitosis, which is an indirect marker for
cell proliferation, BrdU incorporation was used to label
DNA-replicating cells. All rats (n = 14) received intraperi-
toneal injections of 50 mg/kg BrdU (Sigma, St. Louis, MO,
USA) in saline daily for 7 days beginning 24 hours after
hNSC transplantation, and BrdU labeling in the brain was
analyzed by immunohistochemistry.

Behavioral test

One of the most common neurological scales used in animal
studies of stroke is the modified Neurologic Severity Score
(mNSS), which includes an assessment of motor (muscle

status and abnormal movement), sensory (visual, tactile,
and proprioceptive), and reflex (pinna, corneal, and startle)
functions (Chen et al., 2001). The testing was performed be-
fore cerebral ischemia and at days 1, 7, and 14 after cerebral
ischemia. Using the mNSS system with minor modifications,
we graded the test results from 0 to 20 (normal score, 0;
maximal deficit score, 20).

Quantitative RT-PCR

At 14 days after ischemia, the brains were removed, and the
ipsilateral hippocampi were quickly frozen in liquid nitro-
gen and homogenized using a Polytron homogenizer. Total
RNA was isolated using the RNeasy Lipid Tissue Kit (Qiagen,
Valencia, CA, USA) and treated with DNase. Reverse tran-
scription was performed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) based on the manufacturer’s protocol. Primer
sequences were designed using software program (Applied
Biosystems) and synthesized commercially (Bioneer, Korea).
Primers for proliferating cell nuclear antigen (Pcna) are as
follows: forward, 5'-GAG CAA CTT GGA ATC CCA GAA
CAG G-3'; reverse, 5'-CCA AGC TCC CCA CTC GCA GAA
AAC T-3'. Gapdh was used as an internal control to nor-
malize the expression levels of the target genes; the primers
are as follows: forward, 5'-AAT GCA TCC TGC ACC ACC
AA-3'; and reverse, 5-GTA GCC ATA TTC ATT GTC ATA-
3'. Quantitative PCR was performed with SYBR Green Mas-
ter Mix (Applied Biosystems) using the ABI 7700 system
(Applied Biosystems). Amplification was carried out under
the following conditions: 20-second denaturation at 94°C
followed by 1-minute annealing and extension at 62°C for
40 cycles. PCR products were then electrophoresed on 1%
agarose gels and stained with ethidium bromide.

Measurement of infarct volume

Infarct volume was assessed 14 days post-ischemia. After
cardiac perfusion-fixation with 4% paraformaldehyde in 0.1
M PBS, the brains were removed and cut into 40-pm-thick
coronal sections by using a cryostat microtome. In total, six
brain sections from each brain were mounted onto glass
slides, and processed for Nissl staining; infarct volumes were
measured using an image analysis program (Image-Pro Plus,
Media Cybernetics, Silver Spring, MD, USA).

Immunohistochemistry

For immunohistochemical staining with a BrdU-specific
antibody, the slides were placed into 2 N HCl at 37°C for
10 minutes and then 0.1 M boric acid at room temperature
for 3 minutes. After blocking in normal serum, sections
were treated with mouse monoclonal anti-BrdU (Biodesign,
SanDiego, CA, USA) diluted at 1:200 in phosphate buffered
saline (PBS) at 4°C overnight. Following sequential incuba-
tion with biotinylated secondary anti-mouse IgG (dilution
1:200; Vector Laboratories, Inc., Burlingame, CA, USA),
the sections were treated with an ABC kit (Vector Labora-
tories). DAB was then used as a sensitive chromogen for
light microscopy. For immunofluorescence staining with a
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Figure 1 Transplanted hNSCs exhibited directional migration and differentiation in the ischemic lesion of rats.

Survival and differentiation pattern of hNSCs transplanted into the ipsilateral subventricular zone of the rat brain subjected to ischemic stroke. (A)
Experimental design of the present study. Ischemic stroke was induced by MCAo, and hNSCs were transplanted into the ipsilateral ventricle of the
brain at 1 day post-stroke. The following day, daily intraperitoneal injections of BrdU were started and continued for 7 days. Behavioral testing was
performed at the indicated intervals. (B—-D) Immunohistochemical staining for hNu (red) to identify transplanted hNSCs in the ischemic penum-
bra, 50X magnification (B), hNu (green) + GFAP (red) (C), and hNu (red) + NeuN (green) (D) in the ischemic striatum 14 days after stroke. White
arrows: Double-labeled cells; red arrow: single-labeled cells. Scale bars: 100 pm. hNSCs: Human neural stem cells; hNu: human-specific nuclei;
NeuN: neuronal nuclei antigen; GFAP: glial fibrillary acidic protein; MCAo: occlusion of the middle cerebral artery.
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Figure 2 Effects of hNSC transplantation on the behavior and infarct volume of ischemic rats.

(A) Intraventricularly transplanted hNSCs improved behavioral recovery after MCAo. Behavioral tests were performed using the mNSS at days 1,
7, and 14 after hNSC transplantation. Lower mNSS scores represent better neurological function. (B) Transplanted hNSCs reduced infarct volume
at day 14 after MCAo. Images show Nissl staining of coronal serial sections of the brain at day 14 after MCAo in the PBS-injected (PBS) and hN-
SCs-transplanted (hNSCs) rats. (C) Quantification of the infarct volume shown in B. The data are expressed as the mean = SD (n = 7); data were
analyzed using two-sample #test.*P < 0.05, **P < 0.01, vs. PBS-injected rats. hNSCs: Human neural stem cells; PBS: phosphate buffered saline;
MCAo: occlusion of the middle cerebral artery; mNSS: modified Neurological Severity Score.
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Figure 3 Transplanted hNSCs increased mRNA expression of Pcna in

Figure 6 Transplanted hNSCs promoted focal angiogenesis in the
the hippocampus of ischemic rats.

ischemic penumbra in ischemic rats.

(A) Quantification of mRNA expression of PCNA in the hippocampus.
(B) Gel visualization of the PCR products. GAPDH was used as an
internal control. The data are presented as the mean + SD of three in-
dependent experiments (n = 3). Data were analyzed using two-sample
t-test. ¥P < 0.05, vs. PBS injection. hNSCs: Human neural stem cells;
PCNA: proliferation cell nuclear antigen.
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(A) Images show immunohistochemistry staining for vWF (green) and
BrdU (red) in the ischemic penumbra at day 14 after ischemia. (B) Bar
graph shows quantification of BrdU"/VWF" cells in hNSCs-transplanted
(hNSCs) and control (PBS) rats. The data are expressed as the mean + SD
(n=7). Data were analyzed using two-sample -test. *P < 0.05, vs. PBS in-
jection. hNSCs: Human neural stem cells; PBS: phosphate buffered saline;
BrdU: 5-bromo-2'-deoxyuridine; vVWEF: von Willebrand factor.
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BrdU-specific antibody, the sections were first incubated
in 1.5 M HCI for 30 minutes at 37°C and then in blocking
solution. For other immunohistochemical staining, the
sections were incubated in blocking solution and then the
following primary antibodies were used: mouse and sheep
monoclonal anti-BrdU (1:200; Biodesign, San Diego, CA,
USA), goat polyclonal anti-doublecortin (Dcx) to label
migrating neuroblasts (1:100; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), mouse monoclonal anti-human
nuclei antibody to label transplanted human neural cells
(1:100; Chemicon International, Temecula, CA, USA),
mouse monoclonal anti-neuronal nuclei antigen (NeuN)
to label mature neurons (1:100; Chemicon International),
rabbit polyclonal anti-glial fibrillary acidic protein (GFAP)
to label mature astrocytes (1:1,000; Chemicon Interna-
tional), and rabbit monoclonal anti-von Willebrand factor
(VWE) to label endothelial cells (1:200; Abcam, Cambridge,
UK). The sections were incubated with the primary anti-
bodies at 4°C for 16 hours. After washing, the sections were
incubated for 2 hours at room temperature (22 = 3°C)
with the following secondary antibodies diluted at 1:200:
Alexa 488-conjugated goat anti-mouse 1gG (Molecular
Probes, Eugene, OR, USA), Alexa 568-conjugated donkey
anti-sheep 1gG (Molecular Probes), FITC-conjugated goat
anti-rabbit IgG (Jackson ImmunoResearch, West Grove,
PA, USA), or rhodamine-conjugated donkey anti-goat IgG
(Jackson ImmunoResearch). BrdU-positive cells and cells
double-labeled with BrdU and NeuN, Dcx, GFAP, or vWF
were counted in the lesioned hemisphere by using a laser
scanning confocal microscope (Carl Zeiss, Weimar, Germa-
ny). All analyses were accomplished using objective count-
ing methods.

Statistical analysis

The two-sample #-test was used to compare infarct volumes,
behavioral data, mRNA expression and cell counts between
the groups. Prism 5 for Windows (GraphPad Software Inc.,
La Jolla, CA, USA) was used for statistical analyses. The data
are presented as the mean + standard deviation (SD); and P
< 0.05 was considered statistically significant.

Results

Transplanted hNSCs exhibited directional migration and
differentiation in the ischemic lesion

We observed that hNSCs intraventricularly transplanted
within the focal cerebral ischemic region migrated toward
the ischemic striatum, mostly located in the infarct border
zone (Figure 1B). To determine the differentiation potential
of transplanted hNSCs in the ischemic brain, we conducted
double labeling with antibodies specific to human nuclei
(hNu) and GFAP or NeuN. We found that hNu-positive
cells were located in the infarct border zone and confirmed
that some of the hNu-positive cells were co-localized with
the marker for mature neurons, NeuN, whereas a small per-
centage of hNu-positive cells expressed the astrocyte marker
GFAP (Figure 1C, D). However, the transplanted hNSCs
were not observed in the contralateral hemisphere.
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Transplanted hNSCs enhanced recovery of neurological
function and reduced infarct volume

We evaluated how hNSC transplantation influenced reuro-
logical function after cerebral ischemia using the mNSS tests
in rats. At day 14 after transplantation, hNSCs-transplanted
rats showed significantly improved behavioral scores com-
pared with PBS-injected rats (Figure 2A; P < 0.01). Further-
more, when we measured the infarct volume, hNSCs-trans-
planted animals showed a reduced infarct area compared to
PBS-injected rats (Figure 2B, C; P < 0.05).

Transplanted hNSCs promoted endogenous cell
proliferation in rats with cerebral ischemia

To explore in detail the effect of transplanted hNSCs on cell
proliferation, we analyzed the expression of Pcna in the hip-
pocampus. At day 14 after transplantation, the level of Pcna
mRNA in hNSCs-transplanted rats was significantly higher
than that in the control PBS-injected rats (Figure 3; P <
0.05), suggesting an increase in cell proliferation. To further
evaluate the influence of hNSC grafting on cell proliferation,
we assessed the proliferation of newly generated cells in the
SVZ and hippocampus. BrdU was administered daily for
7 days after hNSC transplantation and the proportion of
BrdU-positive cells was measured at day 14 after transplan-
tation. There were significantly more BrdU-positive cells in
the ischemic hemisphere (the SVZ and DG) of hNSCs-trans-
planted rats than in PBS-injected rats (Figure 4A, B, P < 0.05;
Figure 5A, B, P < 0.05), whereas hNu were not detected, in-
dicating that hNSCs did not migrate to these brain regions.
The results demonstrate that transplanted hNSCs stimulated
the proliferation of endogenous neural stem cells within the
SVZ and DG of the hippocampus.

Transplanted hNSCs enhanced endogenous NSC
differentiation

To analyze the differentiation potential of endogenous NSCs
in rats after hNSC transplantation, we performed double
labeling with the antibodies against BrdU and against Dcx,
GFAP, or NeuN. BrdU-positive cells expressed Dcx, a marker
for migrating neuronal cells. The total number of BrdU"/
Dcx” (Figure 4C, D, P < 0.05; Figure 5C, D, P < 0.05) and
BrdU*/GFAP" (Figure 4G, H, P < 0.05; Figure 5G, H, P <
0.05) cells was significantly higher in the SVZ and DG of
hNSC-transplanted rats than in PBS-injected rats, whereas
the proportion of BrdU'/NeuN" cells was slightly higher in
hNSCs-transplanted rats than in PBS-treated rats, although
this difference was statistically insignificant (Figure 4E, F,
P> 0.05; Figure 5E, F, P > 0.05). These results demonstrate
that hNSC transplantation promoted the expansion and
differentiation of endogenous rat NSCs within the SVZ and
DG of the hippocampus.

Transplanted hNSCs promoted focal angiogenesis in rats
with cerebral ischemia

To determine the effect of hNSC transplantation on the pro-
liferation of endothelial cells in ischemic rats, we performed
double labeling with BrdU and vWF antibodies. In ischemic
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rats treated with hNSCs, the number of BrdU"/VWE" cells in
the ischemic penumbra was higher than that in the PBS-in-
jected rats at day 14 post-MCAo (Figure 6, P < 0.05), indi-
cating that hNSC transplantation enhanced angiogenesis
after focal ischemic stroke.

Discussion

In the present study, we demonstrated the beneficial effect
of NSC therapy on recovery after ischemic brain damage.
Transplantation of hNSCs into the ipsilateral subventricular
zone reduced brain infarct volume and enhanced functional
recovery at day 14 after ischemic stroke, which was accom-
panied by increased proliferation of endogenous neural stem
cells and angiogenesis.

Functional mechanisms and therapeutic effects of stem
cells in stroke have been investigated using various delivery
routes, including intravenous, intrastriatal, and intraventric-
ular transplantation (Jin et al., 2005). Although intravenous
delivery is the easiest route of stem cell administration, it
yields very few donor cells in the ischemic brain region
(Jin et al., 2005), prompting us to investigate more effec-
tive ways of NSC transplantation. We did not specifically
compare the efficiency of NSC delivery by different routes;
however, intracerebroventricular implantation of NSCs has
been shown to be less invasive and to deliver more cells,
resulting in increased cell engraftment compared to intra-
striatal administration (Jin et al., 2005). Our data suggest
that direct transplantation of hNSCs into the SVZ and DG
of the hippocampus, which are neuroproliferative regions,
is potentially a more effective delivery method that also pro-
motes endogenous neurogenesis. The mechanism underly-
ing the migration of intraventricularly transplanted human
NSCs to the ischemic lesion remains unclear. Several studies
have reported that NSCs have specific receptors activated
by chemokines released in the injured site that govern cell
migration towards the lesion (Kelly et al., 2004). However,
the specific mechanisms involved in NSC chemotaxis after
transplantation have yet to be investigated.

Our results indicate that transplanted hNSCs can survive,
migrate toward damaged areas in the ischemic region, and
differentiate into neural cells, resulting in a reduction in in-
farct lesion size and improved functional neuronal recovery.
The exact mechanism underlying the functional improve-
ment observed in the ischemic brain after NSC-based thera-
py remains unclear. Cell replacement was initially considered
as the main mechanism responsible for the beneficial effect
of NSC implantation because a number of animal studies
have demonstrated that transplanted NSCs differentiate into
neuronal and/or glial phenotypes (Song et al., 2009). How-
ever, enhanced functional recovery could be observed even
in the absence of neuronal differentiation (Hao et al., 2014),
suggesting that cell replacement may not directly contribute
to the functional neuronal improvement caused by NSC
transplantation. Therefore, our focus in this study was not
on the replacement of ischemia-damaged tissue with NSCs,
but rather on functional augmentation, including prolifera-
tion of endogenous neural stem cells and angiogenesis.

We demonstrated that transplanted hNSCs stimulated the
proliferation and differentiation of endogenous neural stem
cells within the SVZ and DG of the hippocampus in rats
at the acute phase of ischemic stroke (14 days). A previous
study has shown that human neural precursor cell grafts in-
creased the number of Dcx-positive cells in the SVZ of both
young adult and aged rats with cerebral ischemia (Zhang et
al., 2011). It has been demonstrated that NSC transplanta-
tion increased the number of BrdU-positive cells in the SVZ
at days 7 and 14 after focal cerebral ischemia (Zhang et al.,
2011), and that intrastriatal implantation of hNSCs promot-
ed several stages of neurogenesis in the striatum of rats with
cerebral ischemia (Mine et al., 2013). Our results were con-
sistent with those of these previous reports.

The enhancement of endogenous neurogenesis contributes
to the improvement of neuronal function after ischemia,
whereas its ablation has negative effects on functional recov-
ery (Jin et al., 2010; Wang et al., 2012). Our results, together
with previous findings, suggest that stimulation of neuro-
genesis by NSC transplantation is associated with functional
improvement after ischemic stroke.

Angiogenesis is coupled to neurogenesis and plays a crit-
ical role in neuronal repair (Shen et al., 2004). We observed
that the number of BrdU"/vWF" cells in the ischemic region
increased following hNSC transplantation, suggesting that
hNSCs could promote angiogenesis in the acute phase of
ischemic injury. Our results are consistent with those of a
previous study that elucidated that NSC transplantation
increased the proportion of BrdU'/vWF" cells in cortical
peri-infarct regions at days 14 after focal cerebral ischemia;
however, the effect was insignificant at later stages (Zhang et
al., 2011). Further studies are required to investigate the spe-
cific mechanisms underlying hNSCs-induced stimulation of
endothelial cells at different times after stroke. The finding
that intracerebral transplantation of NSCs can induce an-
giogenesis is important because angiogenesis is implicated in
the formation of neurovascular units and functional recov-
ery after ischemic stroke and thus may significantly contrib-
ute to a favorable clinical outcome for stroke patients (Zhang
etal., 2011).

In conclusion, we have shown that NSC transplantation
promotes the proliferation of endogenous neural stem cells
and enhances angiogenesis, suggesting that transplantation
of NSCs provides a microenvironment that activates endog-
enous restorative mechanisms in the ischemic brain. There-
fore, the results of the present study suggest that NSC-based
therapy may offer an effective treatment for stroke patients.
Further studies are required to identify the exact mecha-
nisms underlying the therapeutic effects of transplanted
hNSCs and to evaluate the functional outcome provided by
NSC-based treatment after ischemic stroke.

The current study was limited in its focus on one phase
of rat brain ischemia; however, we have demonstrated for
the first time that intraventricular transplantation of hN-
SCs promotes neurogenesis in the acute phase of stroke in
rats. Further work is needed to determine whether NSCs are
therapeutic in later phases of cerebral ischemia and to test
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whether NSC therapy alters the expression of neurotrophins
and angiogenic proteins in cerebral ischemia.
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