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Oligodendrocyte precursor cell
transplantation promotes angiogenesis
and remyelination via Wnt/b-catenin
pathway in a mouse model of middle
cerebral artery occlusion

Li-Ping Wang1,2, Jiaji Pan2, Yongfang Li2, Jieli Geng1,
Chang Liu2, Lin-Yuan Zhang2, Panting Zhou2, Yao-Hui Tang2,
Yongting Wang2, Zhijun Zhang2 and Guo-Yuan Yang2

Abstract

White matter injury is a critical pathological characteristic during ischemic stroke. Oligodendrocyte precursor cells

participate in white matter repairing and remodeling during ischemic brain injury. Since oligodendrocyte precursor cells

could promote Wnt-dependent angiogenesis and migrate along vasculature for the myelination during the development

in the central nervous system, we explore whether exogenous oligodendrocyte precursor cell transplantation promotes

angiogenesis and remyelination after middle cerebral artery occlusion in mice. Here, oligodendrocyte precursor cell

transplantation improved motor and cognitive function, and alleviated brain atrophy. Furthermore, oligodendrocyte

precursor cell transplantation promoted functional angiogenesis, and increased myelin basic protein expression after

ischemic stroke. The further study suggested that white matter repairing after oligodendrocyte precursor cell trans-

plantation depended on angiogenesis induced by Wnt/b-catenin signal pathway. Our results demonstrated a novel

pathway that Wnt7a from oligodendrocyte precursor cells acting on endothelial b-catenin promoted angiogenesis

and improved neurobehavioral outcomes, which facilitated white matter repair and remodeling during ischemic stroke.
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Introduction

Ischemic stroke is among the most common causes of

death and disability in the world.1,2 White matter

injury is the canonical factor for the motor and cogni-

tion dysfunction after ischemic stroke. However, it has

largely been neglected in animal studies and clinical

trials. White matter is highly vulnerable to ischemia

and accounts for half of the lesion volume in most

cases of human stroke.3,4 Clinical symptoms such as

cognitive dysfunction, emotional disorders and senso-

rimotor impairments, are closely associated with the

destruction of white matter connectivity.5 Therefore,

the protection of white matter from an ischemic brain

injury should be paid more attention.6

White matter consists of axons, oligodendrocytes,

and astrocytes. Axons are wrapped by myelin sheets,

which is critical for the accuracy and speed of nerve
signal conduction.7 Oligodendrocytes are the myelinat-
ing cells responsible for axonal myelination and are
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highly susceptible to damages.8 Oligodendrocytes
develop from oligodendrocyte precursor cells (OPCs)
and OPCs mediate the remyelination process after
brain injury.9 Ischemic stroke induces endogenous oli-
godendrogenesis, which plays an important role in
maintaining the structure and function of axons.3

However, only a small amount of OPCs is capable to
migrate to the ischemic region and differentiate into
mature myelin.3 Since postinjury endogenous remyeli-
nation is rarely complete, OPC transplantation is a
potential treatment option.8,10 OPC transplantation
has been proved to promote remyelination in spinal
cord injury and multiple sclerosis.11,12 Transplanted
OPCs showed potent white matter protective effects
and enhanced spatial learning and memory after hyp-
oxic ischemic injury in premature rat brain.13 However,
the molecular mechanism of re-myelination induced by
OPC transplantation after ischemic stroke is obscure.

In our previous study, OPC transplantation could
protect blood-brain barrier in the acute phase of ische-
mic stroke via activating Wnt/b-catenin pathway.14

This pathway is involved in cellular proliferation, sur-
vival, differentiation, migration and apoptosis, and is
associated with angiogenesis and vascular maturation
in cancers and postnatal brain development.15–18 Wnt7
is the ligand activating b-catenin in Wnt/b-catenin
pathway and the paracrine Wnt7 of OPC promotes
Wnt dependent angiogenesis.16 Angiogenesis partici-
pates in brain plasticity and functional recovery
during chronic phase of stroke.19 Neovascularization
increases cerebral blood flow, provides energy for
OPC differentiation and myelination, and regulates
OPC survival, proliferation and migration through
paracrine.20 Whether OPC transplantation could
couple angiogenesis and remyelination in ischemic
stroke by Wnt/b-catenin pathway is unclear.

In the present study, we use a mouse model of tran-
sient middle cerebral artery occlusion (tMCAO) to
explore whether exogenous OPC transplantation pro-
motes functional angiogenesis and white matter repair-
ing for the functional recovery after ischemic brain
injury.

Materials and methods

Animals

Animal experimental procedures were approved by
the Institutional Animal Care and Use Committee
(IACUC) of Shanghai Jiao Tong University,
Shanghai, China. All studies were conducted in accor-
dance with the US National Research Council’s Guide
for the Care and Use of Laboratory Animals, the US
Public Health Service’s Policy on Humane Care and
Use of Laboratory Animals and Guide for the Care

and Use of Laboratory Animals. Animal studies were

reported according to ARRIVE 2.0 guidelines.21 Adult

male Institute of Cancer Research (ICR) mice (n¼ 108)

weighing 28–30 g (Jeisijie, Shanghai, China) were ran-

domly divided into 4 groups: sham group, phosphate

buffered saline (PBS) treated group (as a control),

OPC-treated group, and OPC-treated plus XAV-939

group, n¼ 25–28 per group (Suppl. 1e). Animals were

housed with free access to water and food.

OPC isolation and identification

The brain cortex was dissected from P1 Sprague-

Dawley rat pups as described.22,23 Brain tissue was dis-

sociated into a single-cell suspension by trypsinize at

37 �C for 10min and the suspension was filtered with a

70-mm filter. The cells were seeded on poly-d-lysine

(PDL, Sigma-Aldrich, San Louis, MO) coated culture

flasks in DMEM (Corning, New York, NY) with 10%

fatal calf serum (Gibco, Carlsbad, CA). Eight days

later, the microglia were separated from glia cell mix-

tures after 30min of culture by a 220 rpm shake. After

20 hours of culture by a 200 rpm shake, the cells were

collected. Then OPCs were injected into the mice or

seeded on a PDL coated culture dish in Neurobasal-

A(Gibco) containing 2% B27 (Gibco), 10 ng/ml

PDGF-AA (Gibco), 10 ng/ml bFGF (Peprotech, NJ,

USA) and 2mmol/l glutamine (Gibco).
Cells were identified by immunofluorescence stain-

ing of platelet-derived growth factor-a (PDGFR-a)
and neuron-glial antigen 2 (NG2). Cells were fixed

with 4% paraformaldehyde for 5min at room temper-

ature and blocked by 10% bovine serum albumin.

Then OPCs were incubated with primary antibodies

against PDGFR-a (1:100, Santa Cruz Biotechnology,

Santa Cruz, CA), NG2 (1:200, Millipore, Bedford,

MA), MBP (1:200, Abcam, MA), GAFP (1:500,

Millipore), NeuN (1:200, Millipore) and Iba-1 (1:200,

WAKO, Osaka, Japan) at 4 �C overnight. Cells were

incubated with the fluorescence conjugated second

antibodies for 1 hour at room temperature.

A model of tMCAO in mouse

The mouse MCAO was described previously.24,25

Briefly, mice were anesthetized by 1.5% isoflurane

(RWD Life Science, Shenzhen, China). After the isola-

tion of the left common carotid artery, external and

internal carotid arteries, the origin of middle cerebral

artery was occluded by a silicone-coated 6-0 suture

(Covidien, Mansfield, MA). The suture was withdrawn

after 90min of tMCAO. To confirm the successful

occlusion and reperfusion, cerebral blood flow was

measured by a laser Doppler flowmetry (Moor

Instruments, Devon, UK). The success of occlusion
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was assessed by a decrease of cerebral blood flow at
least 80% of the baseline. Body temperature was main-
tained at 37� 0.2 �C throughout the surgery using a
heating pad (RWD Life Science). Sham mice were con-
ducted the same procedure except the insertion of
suture.

OPC transplantation

Animals after tMCAO were randomly divided into
OPC treated mice or PBS treated mice (as a control).
OPCs or PBS were injected at 24 hours after tMCAO.
Before transplantation, OPCs were labeled with car-
boxyfluorescein diacetate-succinimidyl ester (CFDA-
SE, Beyotime, Shanghai, China) for tracking. An
amount of 6� 105 OPCs was suspected in 5 ml PBS
and slowly injected into the left striatum at 2mm lat-
eral to the bregma and 3mm under the dura
(AP¼ 0mm, ML¼ 2mm, DV¼ 3mm) at a rate of
1 ml/min by the 10 ml Hamilton syringe (Hamilton,
Bonaduz, Switzerland).14,25 The same amount of PBS
was injected as control. The mice were injected i.p.
daily with cyclosporine A (5mg/kg, Sigma) for immu-
nosuppression after cell transplantation.

Administration of b-catenin inhibitor

The b-catenin inhibitor, XAV-939 (40mg/kg, MCE,
Monmouth Junction, NJ), was injected intraperitone-
ally once per day after OPC transplantation for
13 days.

Neurobehavioral tests

The modified neurological severity score (mNSS) was
performed by an investigator who was blinded to the
experimental treatment to evaluate the neurological
function at 7 and 14 days after tMCAO. The mNSS
ranged from 0 to 14 and included motor, sensory, bal-
ance and reflex tests.26

To test the motor function, rotarod test was per-
formed at 7 and 14 days after tMCAO. Briefly, mice
were trained on a rotating rod at 20 rpm for 3 consecu-
tive days before tMCAO. At the test day, the rod was
continuously accelerated to 40 rpm and the time mice
stayed on the rod (latency to fall) was recorded.

To test the cognitive function, fear conditioning test
and step through test were performed at 14 days after
tMCAO.

Fear conditioning test was performed at 14 days
after tMCAO. At the first day of the test, a mouse
was put into the cage with an electric stimulator at
the base (AfaSci Research Laboratories, Redwood
City, CA) for 30min. The tone and shock started at
60 s and repeats every 5min. The shock was delayed by
1 second than the tone. The shock current was 300 mA

with duration of 5 seconds. After 24 hours, the mouse
was put into the cage again only with tone for 5min.
The monitoring video was recorded by a camera and
the time of freezing after tone was calculated. The per-
centage of freezing time in 60 seconds was calculated.

Step through test was performed at 14 days after
tMCAO. At the first day of the test, a mouse was put
into the light space of smart cage (AfaSci Research
Laboratories) with an electric stimulator at the base.
The mouse was received an electric shock once it
stepped into the dark box. After 24 hours, the mouse
was put into the smart cage again without electric stim-
ulation and monitored for 10min. The trace was
recorded by the infrared detector and analyzed by the
smart cage software.

Measurement of brain infarct and atrophy volumes

Mice were sacrificed at 3 or 14 days after tMCAO.
Mouse brains were cut into a series of 20 mm thick
coronal sections, followed by cresyl violet staining
(Sigma, St. Louis, MO). Infarct and atrophy volumes
were calculated by NIH ImageJ software (National
Institutes of Health, Bethesda, MD) as described
previously.26

Immunofluorescence staining

Brain slices or cultured cells were fixed with methanol
and blocked with diluted donkey serum (Jackson
ImmunoResearch, West Grove, PA). Slices were incu-
bated with primary antibodies of CD31 (1:300, R&D
system, Minneapolis, MN), Ki67 (1:200, Abcam,
Cambridge, UK), b-catenin (1:100, Abcam), GFAP
(1:500, Millipore, Bedford, MA), NeuN (1:50,
Millipore), myelin basic protein (MBP, 1:200, Abcam)
and NG2 (1:200, Millipore). After rinsing with PBS,
brain slices were incubated with the fluorescence conju-
gated second antibodies. Immunofluorescence photos
were collected by a confocal microscope (Leica, Solms,
Germany).

CD31þ blood vessel number, vessel branch number,
and number of Ki67/CD31þ cell in the perifocal region
were used to determine angiogenesis and vessel remod-
eling. For the quantification of MBP, two fields in the
ischemic striatum area for each slice were randomly
collected and analyzed with ImageJ software
(National Institutes of Health, Bethesda, MD) for
mean integrated density analysis.

Synchrotron radiation (SR) angiography

The microvessel density of mice was assessed in living
mice using SR angiography at the Shanghai
Synchrotron Radiation Facility. Briefly, the X-ray
energy was 33.3 keV. An X-ray complementary metal
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oxide semiconductor with a resolution of 6.5 mm/pixel
(Hamamatsu Ltd., Hamamatsu City, Japan) was used
to record high-resolution real-time angiographic
images. A total of 80 ml of nonionic iodine contrast
agent (350mg I/ml, Omnipaque, GE, Shanghai,
China) was injected with a syringe pump through the
external carotid artery at a rate of 2ml/min.

Imaging procedures have been described previous-
ly.27,28 Perfused vessels were identified from original
SR angiography images by a short program written
in Matlab (MathWorks, Natick, MA, USA).27 The
vessel density was defined as the percentage of pixels
of vessels in total pixels of each selected area.

Blood-brain barrier permeability assay

The leakage of IgG was detected to assess the blood-
brain barrier permeability which indicated the vascular
maturity. Briefly, brain slices were incubated with
Universal ABC Kit (Vector Labs, Burlingame, CA)
and the immunoreactivity was visualized by DAB
reagents (Vector Labs, Burlingame, CA). After that,
slices were counterstained with hematoxylin. Three
fields along the ischemic area for each slice were ran-
domly collected and analyzed with ImageJ software for
integrated density analysis.

Western blot analysis

Western blot was performed as described previously.25

Briefly, the membranes were incubated with primary
antibodies against MBP (1:1000, Abcam), Wnt7a
(1:500, Abcam), b-catenin (1:500, Abcam), VEGF
(1:500, Abcam), b-actin (1:1000, Abcam) and
GAPDH (1:1000, Abcam) overnight at 4 �C. After
washing with TBST buffer, the membranes were incu-
bated with HRP-conjugated secondary antibody.

OPC migration assay

Migration assay was performed as previously
described.29 Briefly, the migration test was performed
in 24mm transwell with 8.0 mm pore polycarbonate
membrane inserts (Corning). The transwell chambers
were coated with PDL for 12 hours. Human umbilical
cord vein cells (HUVECs) were seeded at a density of
2� 105 cells per well in 6-well plates. After 24 hours,
the cultured medium was changed with endothelial cell
medium (ECM, ScienCell, Carlsbad, CA) with or with-
out b-catenin inhibitor (XAV-939, 1 mM, MCE,
Monmouth Junction, NJ). XAV-939 (1 mM) was dis-
solved in ECM in 37 �C for 24 hours as well. Then,
conditioned medium (CM) of HUVEC, CM of
HUVECþXAV-939 and ECMþXAV-939 were col-
lected after 24 hours. In the lower compartment, one
of the following media was added: 500 ll ECM

(control), 350 ll ECMþ 150 ll CM of HUVEC,

350 ll ECMþ 150 ll CM of HUVECþXAV-939 and

500 ll ECMþXAV-939. OPCs (2� 105 per chamber)

suspended in growth factor-free Neurobasal-A were

added to the upper chamber. After 12 and 24 hours,

chambers were stained with crystal violet (Beyotime)

for 5min. The number of OPCs that migrated to the

lower membrane surface were counted manually in

5 random fields, and 4 chambers were counted for

each group.

Wnt7a siRNA interference in OPCs

Sequences of interfering siRNA segments were as fol-

lows: 5-GCCUUCACCUAUGCAAUUATT-3. Non-

targeting siRNA with scramble served as a negative

control (NC). Sequences of NC were as follows:

5-UUCUCCGAACGUGUCACGUTT-3.
OPCs were seeded at a density of 1� 106 cells per

well in 6-well plates. After 24 hours, the culture

medium was collected. Twenty mM FAM-siRNA

(8ml, Genepharma, Shanghai, China) and 3.75 ml
LipofectamineVR 3000 (Invitrogen) were each diluted

by 125 ml Opti-MEM (Gibco). Diluted siRNA and

LipofectamineVR 3000 were mixed and added into the

1750 ml culture medium of OPCs. After 6 hours of

interference, we detected the green fluorescence of

FAM-siRNA in the cells. After 24 hours of interfer-

ence, we changed new culture medium. And after 48

hours of interference, the CM and cell proteins of three

groups (Blank, NC and siRNA) were collected.

Proliferation assay

HUVECs were isolated according to the protocol pre-

viously.30 The umbilical cord of newborn was put into

sterile PBS. The umbilical cord was filled with 0.25%

trypsin, and digested at 37 �C for 10min. The digestive

fluid of umbilical vein was collected, and centrifuged at

250 g for 5min. Then, the cells were resuspended with

ECM (Sciencell, San Diego, CA), and seeded in the

plate.
HUVECs were seeded at a density of 1� 105 cells

per well in 6-well plates and cultured for 24 hours.

The cells were cultured with 70% ECMþ 30%

Neurobasal-A (control cultured medium, CON),

70% ECMþ 30% CM of OPC, 70% ECMþ 30%

CM of OPC transfected by negative control siRNA

(CM of NC), 70% ECMþ 30% CM of OPC trans-

fected by Wnt7a siRNA (CM of SI), 70%

ECMþ 30% CM of OPC plus XAV-939 (1 mM,

MCE) (CM of OPCþXAV939) and 70%

ECMþ 30% Neurobasal-A plus Wnt7a

protein (50 ng/mL, R&D system) (Wnt7a) for 24

hours.16,31,32 Then the cells were collected for
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b-catenin assay using western blot and meanwhile the
cells seeded on the coverslips were incubated with
Ki67 (1:200, Abcam) and CD31 (1:300, R&D
system). The number of Ki67/DAPIþ cells was
counted manually in seven random fields.

HUVEC tube formation assay

The tube formation assay of HUVEC was performed
as previously reported.28 Briefly, 50 ll matrigel (BD
Biosciences, Franklin Lakes, NJ) was added into
96-well plate and incubated at 37 �C for 30min.
HUVECs (2� 104) were suspended in 70 ml ECM
(Sciencell) and seeded in the matrigel-coated plate.
CM (30 ll) was added into the 6 groups respectively
as described in the proliferation experiment.
After culturing for 3 hours, the tube images were cap-
tured by a microscope (Leica, Solms, Germany). The
tube number and length were measured with ImageJ
software (National Institutes of Health).

Statistical analysis

Sample size was determined according to our previ-
ous publications for similar outcomes.24,25,33 Sample
size was estimated using a type I error rate of 0.05
and a power of 0.8 on a 2-sided test by power anal-
ysis. Analysis was performed by SPSS. Kolmogorov-
Smirnova normal test was used for data distribution
test first. Multiple comparisons were analyzed using
one-way ANOVA followed by Tukey’s post-hoc test

for normally distributed data. For non-normal con-

tinuous variables, the Mann-Whitney U test was

applied. Data were expressed as mean�SD. A prob-

ability value less than 0.05 was considered

significant.

Results

OPC isolation, identification and transplantation

Cultured OPCs showed a multipolar morphology

under phase contrast microscope (Figure 1(a)). To

identify the culture purity, we used PDGFR-a and

NG2 as markers of OPCs. Immunofluorescent staining

results showed that the percentage of PDGFR-aþcells
was 91.60% and the percentage of NG2þ cells was

93.82% (Figure 1(b) and (c)). Besides, the percentage

of GFAPþ and Iba-1þ cells was 2.71% and 3.76%,

respectively. No cells expressed oligodendrocyte

marker MBP and neuron marker NeuN (Suppls. 1(a)

to (d)). To track the cells after transplantation, we

labeled OPCs with CFDA-SE. The results suggested

that transplanted cells still survived at 28 days after

tMCAO (Figure 1(d) and (e)).

OPC transplantation improved neurological outcomes

and attenuated brain atrophy volume after tMCAO

The mNSS was used to evaluate the neurological func-

tion. OPC transplantation significantly ameliorated

Figure 1. OPC isolation, identification and injection. (a) Morphology of cultured cells under phase contrast microscope. (b–c)
Representative image of PDGFR-a (b) and NG2 (c) in cultured cells. (d–e) Survival of OPCs after injection. Green fluorescent OPCs
(CFDA-SE stained) were located in the ischemic hemisphere at 14 and 28 days after tMCAO. Scale bar¼ 50mm.
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neurological deficits at 7 and 14 days after tMCAO
(Figure 2(a), p< 0.05). Rotarod tests indicating motor
function showed that the time staying on the rotarod
was prolonged in OPC-treated mice compared to
PBS-treated mice at 7 and 14 days after tMCAO
(Figure 2(b), p< 0.05).

Fear conditioning test and step through test were
used to evaluate the cognitive function at 14 days
after tMCAO. In the fear conditioning test, the freezing
time was longer in OPC treated mice compared with
control (PBS) mice (Figure 2(c), p< 0.05). Step through
test showed that OPC transplantation decreased the
dark zone time and dark zone entries compared to
the control (Figure 2(d), p< 0.05). Transplanted
OPCs ameliorated the cognitive damage after tMCAO.

The brain infarct and atrophy volumes were evalu-
ated by cresyl violet staining. Results showed that the
brain infarct and atrophy volumes were significantly
smaller in OPC treated mice compared to the control
mice after tMCAO (Figure 2(e) and (f), p< 0.05).

OPC transplantation promoted functional
angiogenesis in tMCAO mice

OPC transplantation increased the CD31þ microvessels
number and the vessel branch number (Figure 3(a),
p< 0.05). In addition, the number of CD31þ/Ki67þ

cells was also increased in the peri-infarct region of
OPC transplanted mice at 14 days after tMCAO com-
pared to the control mice (Figure 3(b), p< 0.05). These
results indicated that OPC transplantation promoted
angiogenesis after tMCAO. To further examine the
post-ischemic angiogenesis was functional, SR angiog-
raphy was performed at 14 days after tMCAO. More
microvessels in the peri-infarct region were observed in
the OPC treated mice compared to the control mice
(Figure 3(c), p< 0.05), indicating that the OPC trans-
plantation induced newly formed microvessels were
functional. Finally, IgG protein extravasation was mea-
sured to evaluate the vascular maturity of the new ves-
sels. IgG staining displayed that less IgG protein leaked
into the brain parenchyma in the OPC treated mice

Figure 2. OPC transplantation improved neurological outcomes and reduced brain atrophy volume in ischemic mice. (a–c)
Quantifications of the neurological score, time stay on the rotarod and fear conditioning test in sham, PBS and OPC groups at 7 and
14 days after tMCAO. N¼ 9–11 per group. (d) Trace pictures and the scatter plots of step through test showed that the dark zone
time and dark zone entries. N¼ 7–8 per group. (e) Cresyl violet staining showed the brain infarct volume at 3 days after tMCAO.
N¼ 7–8 per group. (f) Cresyl violet staining showed the brain atrophy volume at 14 days after tMCAO. N¼ 8–9 per group. Data are
mean� SD, *p< 0.05, **p< 0.01, ***p< 0.001.
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compared to the control (Figure 3(d), p< 0.05). Our

result indicated that OPC transplantation promoted

the functional angiogenesis after tMCAO.

OPC transplantation promoted the white matter

repair after tMCAO

Immunofluorescent images showed that OPC trans-

plantation increased the intensity of MBP in the peri-

infarct region at 14 days after tMCAO (Figure 4(a),

p< 0.01). Western blot result showed that the MBP

expression was increased in OPC treated mice com-

pared to the control (Figure 4(b), p< 0.01), suggesting

that OPC transplantation promoted the white matter

repair. We also found that the transplanted OPCs did

not express MBP at 3 days after tMCAO, few trans-

planted OPCs expressed MBP at 14 days after tMCAO

(Figure 4(c)). Most transplanted cells sustained expres-

sion of NG2 at 14 days after tMCAO (Figure 4(c)). At

28 days after tMCAO, the transplanted cells expressed

MBP around the myelin. But some transplanted cells

still expressed NG2 (Figure 4(d)).

Wnt/b-catenin pathway was involved in angiogenesis
induced by OPC after tMCAO

OPCs can increase Wnt7a expression to promote the

angiogenesis during development.16 To examine

whether Wnt7a was involved in angiogenesis after

OPC transplantation, we examined the level of

Wnt7a using Western blot analysis. The result

showed that Wnt7a expression increased in the ipsi-

lateral brain of OPC treated mice compared to the

control at 14 days after tMCAO (Figure 5(a),

p< 0.05). Meanwhile, OPC transplantation increased

b-catenin expression in the ipsilateral hemisphere

compared to the control (Figure 5(b), p< 0.01).

Immunofluorescent results indicated that b-catenin
was mainly expressed in the endothelial cells. No

b-catenin expression was found in astrocytes and neu-

rons (Figure 5(d)). We also examined whether vascu-

lar endothelial growth factor (VEGF) was involved in

angiogenesis induced by exogenous OPC transplanta-

tion. The result showed that there was no difference

between OPC treated mice and the control mice

(Figure 5(c), p> 0.05).

Figure 3. OPC transplantation promoted angiogenesis in ischemic mice. (a) Representative images of CD31þ microvessels in peri-
infarct region and bar graphs of the CD31þ microvessels number and the vessel branch number in sham, PBS and OPC groups at 14
days after tMCAO. Scale bar¼ 100 mm, n¼ 4 per group. (b) Representative images of CD31 (red) and Ki67 double (green) positive
cells in peri-infarct region at 14 days after tMCAO. Scale bar¼ 50 mm, n¼ 4 per group. (c) SR angiography showed microvessels in the
peri-infarct region at 14 days after tMCAO. Scale bar¼ 500mm, n¼ 3 per group. (d) IgG staining at 14 days after tMCAO. Bar graph
showed the quantification of leaked IgG protein. Scale bar¼ 25mm, n¼ 5 per group. Data are mean� SD, *p< 0.05, **p< 0.01,
***p< 0.001.
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Inhibition of Wnt/b-catenin pathway reversed the

beneficial role of OPCs in HUVECs

To demonstrate OPCs derived Wnt7a acting on endo-

thelial b-catenin participated in angiogenesis induced

by OPC transplantation, we knocked down the

Wnt7a in OPCs or inhibited b-catenin by XAV939 to

check their effects on HUVECs. After 6 hours of

siRNA transfection, the Wnt7a FAM-siRNA got into

the cell body of the cultured OPCs (Suppl. 2a). Western

blot result showed the Wnt7a siRNA knocked down
the Wnt7a expression in cultured OPCs successfully
(Suppl. 2 b, p< 0.001). CM of OPC, CM of OPC trans-
fected by negative control siRNA (CM of NC) and
Wnt7a protein increased b-catenin expression in the
HUVECs compared to the control. But CM of OPC
transfected by Wnt7a siRNA (CM of SI) and CM of
OPCþXAV939 deceased b-catenin expression in the
HUVECs compared to CM of OPC (Figure 6(a),
p< 0.01). Ki67/CD31/DAPI staining showed CM of

Figure 4. OPC transplantation increased MBP expression in ischemic mice. (a) Immunofluorescent images of MBP (red) and bar
graph of MBP quantification in peri-infarct region in sham, PBS and OPC groups at 14 days after tMCAO. Scale bar¼ 100mm. N¼ 4
per group. (b) The Western blot result of MBP at 14 days after tMCAO. N¼ 4 per group. (c) The transplanted OPCs (green, CFDA-
SE stained) did not express MBP (red) at 3 days after tMCAO while some transplanted OPCs (green) expressed MBP (red) at 14 days
after tMCAO. The transplanted cells (green) still expressed NG2 (red) at 14 days after tMCAO. White arrows indicated the
transplanted cells. Scale bar¼ 25mm. (d) The transplanted OPCs (green) expressed MBP (red) at 28 days after tMCAO. And some
transplanted cells (green) still expressed NG2 (red) at 28 days after tMCAO. White arrows indicated transplanted cells. Scale
bar¼ 100mm. (e) The percentage of CFDA-SE cell expressing MBP and the percentage of CFDA-SE cell expressing NG2. Data are
mean�SD, **p< 0.01.
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OPC and Wnt7a protein promoted HUVEC prolifera-

tion. The knockdown of Wnt7a or inhibition of

b-catenin attenuated the proliferation of HUVEC

(Figure 6(b), p< 0.001). CM of OPC and Wnt7a pro-

tein increased the tube number per field and fold

change of tube length of HUVECs. The knockdown

of Wnt7a or inhibition of b-catenin reversed the

HUVEC tube-formation (Figure 6(c), p< 0.05).

OPC migration depended on the endothelial

b-catenin

In order to explore whether endothelial cells could

affect the ability of OPC migration, we performed a

transwell assay. Results showed that CM of HUVEC

increased the number of migrated OPCs during 12 and

24 hours compared to the control, indicating CM of

HUVEC promoted the OPC migration (Figure 6(d),

p< 0.05). While HUVECs were treated with the b-cat-
enin inhibitor (XAV-939), CM of HUVEC plus XAV-

939 could block the OPC migration in CM of HUVEC.

Inhibition of wnt/b-catenin pathway reversed the

beneficial role of OPCs in mice

In order to verify the Wnt/b-catenin pathway, we used

b-catenin inhibitor XAV-939 in vivo and found that the

beneficial role of OPC transplantation was reversed

(Figure 7, p< 0.05). The mNSS which indicated neuro-

logical deficits was increased in XAV-939 group at 7

and 14 days after tMCAO (Figure 7(a), p< 0.05). The
time staying on the rotarod of rotarod tests which
indicated motor function was shortened in OPCþ
XAV-939 group compared to OPC group at 7 and 14
days after tMCAO (Figure 7(b), p< 0.05). XAV-939
decreased the CD31þ microvessels number (Figure 7
(c), p< 0.05).

Discussion

In the present study, we found that OPC transplanta-
tion promoted post-ischemic functional angiogenesis
and increased MBP expression, improved neurobeha-
vioral outcomes and alleviated cognitive defects after
tMCAO. Our study also provided a molecular mecha-
nism of exogenous OPC transplantation in ischemic
stroke.

Many types of stem cells have the potential for the
treatment of ischemic stroke.34 White matter is
affected in most cases of human stroke.3

Oligodendrocytes and OPCs are highly sensitive to
ischemia, and ischemia causes the white matter
injury and OPC death. Therefore, we chose OPC
transplantation to promote white matter repair
after ischemic stroke. In our previous study, OPC
transplantation showed protective effect on blood-
brain barrier permeability in the early phase of
tMCAO.14 In this study we further demonstrated
that OPC transplantation promoted angiogenesis,
which decreased brain infarct volume in the early

Figure 5. Wnt/b-catenin pathway was involved in angiogenesis induced by OPC transplantation after tMCAO. (a) Western blot of
Wnt7a expression in sham, PBS and OPC groups at 14 days after tMCAO. (b) Western blot of b-catenin expression. (c) Western blot
of VEGF expression. (d) Immunofluorescent images of b-catenin (green)/GFAP (red), b-catenin (green)/NeuN (red) and b-catenin
(green)/CD31 (red). White arrows indicated b-catenin expression. Scale bar¼ 50mm. Data are mean� SD, n¼ 4 per group,
*p< 0.05, **p< 0.01, NS>0.05.
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phase of tMCAO, decreased brain atrophy volume
and improved stroke outcomes in the recovery
period, suggesting as a stem cell, OPC might have
multiple functions during ischemic brain injury. The
initial goal of stem cell therapy is to replace the dam-
aged tissue by cell replacement. When neural stem
cells are transplanted into the brains of ischemic
adult and aged rats, only 20% differentiate into
Tuj-1þ neurons, and more than 75% differentiate

into GFAPþ astrocytes.35 To date, there is no clear
evidence that mesenchymal stem cells differentiate
into mature neurons with electrophysiological prop-
erties in the stroke model. Another possible role of
stem cells in the therapy is that grafted stem cells
could directly release growth and trophic factors, or
promote the release of such factors from host brain
cells. Our results indicated that the effect of OPC
transplantation is mainly through paracrine.

Figure 6. Endothelial b-catenin inhibition blocked beneficial role of OPCs in HUVECs. (a) Western blot of b-catenin expression of
HUVECs in CM, CM of OPC, CM of NC, CM of SI, CM of OPCþXAV939 and CMþWnt7a groups. Data are mean�SD, n¼ 3 per
group, **p< 0.01. CON: control, only with cultured medium; CM of OPC: conditioned medium of OPC; CM of NC: conditioned
medium of OPC transfected by negative control siRNA; CM of SI: conditioned medium of OPC transfected by Wnt7a siRNA; CM of
OPCþXAV939: conditioned medium of OPCþXAV939; Wnt7a: cultured mediumþWnt7a protein. (b) Representative images and
bar graph of Ki67 (red)/CD31 (green)/DAPI (blue) staining showed the proliferation of HUVECs. Scale bar¼ 50mm. Data are mean�
SD, n¼ 7 per group, *p< 0.05. (c) Representative images and bar graphs showed the tube-formation of HUVECs. Scale bar¼ 200mm.
Data are mean�SD, n¼ 9 per group, *p< 0.05. (d) The migration ability of OPCs was assessed by transwell in vitro. Images showed
the migrated OPCs during 12 and 24 hours. Scale bar¼ 50mm, n¼ 4 per group. Data are mean�SD, *p< 0.05, **p< 0.01, as
compared to the CON, CM of HUVECþXAV-939 and XAV-939 groups. CON: control, cultured medium without OPCs; CM of
HUVEC: conditioned medium of HUVECs; CM of HUVECþXAV-939: conditioned medium of HUVECs treated with XAV-939;
XAV-939: cultured medium only with XAV-939.
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Post-ischemic angiogenesis contributes to improved
neurological recovery by promoting brain tissue repair,

vascular remodeling, and plasticity.36 Angiogenesis
appears by days 4 to 7 in peri-infarct regions and has

been purported to be associated with neurogenesis.
Circle of Willis and pial collateral vasculature provide
protection from significant focal ischemic injury.

Capillary density is important to the processes of
recovery and limitation of injury.37 Permanent

MCAO could induce neo-collateral formation which
caused a decrease in infarct volume.38 Although resto-
ration of the blood supply provides oxygen, nutrients

and trophic factors, aberrant growth of new capillaries
poses the risk for immature vessel formation that may

enhance blood–brain barrier damage. But pre-clinical
research indicated that restoration of the vascular anat-
omy and blood flow increases the neuronal and func-

tional recovery following stroke.39

Studies reported that OPCs could promote white

matter angiogenesis in postnatal mice.40 Our study
indicated that OPCs could survive at least for

4 weeks post intracerebral transplantation. OPC
transplantation promoted functional angiogenesis in
the peri-infarct area after ischemic stroke.

Angiogenesis resulted in brain microvasculature

changes following cerebral ischemia which promoted
tissue repair and reduced brain atrophy. First, OPC

transplantation increased the number of CD31þ

microvessels in the peri-infarct area. Second, SR angi-
ography indicated that OPC transplantation induced
the functional microvessel formation around the
ischemic area. Third, IgG leakage indicated that

OPC transplantation promoted the maturity of the
newly formed microvessels. OPCs were a source of
Wnt7a, which served as the dominant ligands acting
on Frizzled receptors of brain endothelial cells and

then activated b-catenin for endothelial proliferation
and tight junction formation.15 Furthermore, our
results supported that OPC transplantation improved
angiogenesis through Wnt/b-catenin signaling after

tMCAO. OPC transplantation increased the levels
of Wnt7a and b-catenin compared to the control
which suggested that OPC transplantation promoted
angiogenesis by activating the Wnt/b-catenin path-

way. Silencing the expression of Wnt7a in OPCs
with siRNA and inhibition of b-catenin by XAV-
939 in HUVECs could block the promotion of pro-
liferation and tube formation of HUVECs induced by

CM of OPC. Besides, endothelial b-catenin facilitated
OPC migration.

Figure 7. Inhibition of b-catenin reversed the beneficial role of OPCs in vivo. (a) Quantification of the neurological score in the OPC
and OPCþXAV-939 groups at 7 and 14 days after tMCAO. N¼ 6-8 per group. (b) Quantification of the time stay on the rotarod in
the OPC and OPCþXAV-939 groups at 7 and 14 days after tMCAO. N¼ 6-8 per group. (c) Representative images of CD31þ
microvessels in the peri-infarct region and bar graphs of the CD31þ microvessels number in the OPC and OPCþXAV-939 groups at
14 days after tMCAO. Scale bar¼ 100mm. N¼ 4 per group. Data are mean�SD, *p< 0.05.

Wang et al. 767



Recent studies showed that cell-cell crosstalk
between OPCs and endothelial cells played a critical
role in angiogenesis. The conditional knockout of
Wnt in OPCs resulted in dampened compensatory
angiogenesis in cerebral white matter of neonatal
mice subjected to hypoxia.41,42 Our results supported
that Wnt signal derived from transplanted OPCs could
promote angiogenesis in the ischemic perifocal region
in adult rodents. Under the SR angiography, we fur-
ther found that these newly formed microvessels were
functional during tMCAO, and Wnt7a secreted from
OPCs acted on b-catenin on the endothelial cell side
could promote angiogenesis. In addition, our current
study focused on the motor and cognitive recovery
from exogeneous OPC treatment after tMCAO and
the exploration of preliminary molecular mechanism.

Although there was no direct evidence to link the
OPC-promoted angiogenesis with white matter integri-
ty, we transplanted OPC into the striatum, which con-
sisted of lots of white matter fiber bundles and was
distinctly damaged in the tMCAO mouse brain.
Previous study indicated that CXCR4 of OPCs binding
the ligand CXCL12, which was expressed by the endo-
thelial cells mediated the OPC migration along vascu-
lature during the development, and the migration was
disrupted in mice with defective vascular architec-
ture.43,44 Our study also demonstrated that co-culture
of endothelial cells could promote OPC migration
in vitro. Angiogenesis participated in the brain plastic-
ity and functional recovery during chronic phase of
ischemic stroke. Our results showed that OPC trans-
plantation promoted angiogenesis and functional
recovery after tMCAO. The b-catenin inhibitor
decreased HUVEC proliferation in vitro and blocked
angiogenesis in vivo, which aggravated neurobehavioral
outcomes after tMCAO. Nevertheless, we assumed that
the improved white matter integrity in the OPC-treated
tMCAO mice most likely depended on enhanced
angiogenesis.

Since myelin maintains axon integrity and provides
trophic support for axons, enabling rapid transmission
of action potentials through salutatory conduction,43

myelin destruction after white matter injury resulted
in severe cognitive dysfunction.3 OPCs are canonical
cells to differentiate into oligodendrocytes and partici-
pate in remyelination after ischemic injury.45 White
matter injury after stroke is characterized by the
death of oligodendrocytes and OPCs and profound
loss of myelin integrity. And the death of OPCs results
in inadequate remyelination. The white matter integrity
improvements after stroke may be achieved by protect-
ing white matter components against ischemic injury
and/or enhancing white matter repair and regenera-
tion.46 Our results supported that OPC transplantation
contributed to the white matter repairing and

remodeling, as well as cognitive recovery by producing
trophic factors after tMCAO. First, although some
transplanted OPCs could differentiate to the mature
oligodendrocytes and involve in the myelin repairing
and remodeling, a mount of transplanted cells kept
the progenitor cell properties and did not directly par-
ticipate in remyelination. However, only immunostain-
ing figures were not enough to verify transplanted
OPCs directly participated in remyelination. The time
lapse experiment to chase the differentiation of trans-
planted OPCs after tMCAO is needed in the future.
Second, angiogenesis induced by OPC transplantation
could facilitate the OPC migration and re-myelination
after ischemic brain injury. Third, endothelial cells
could promote the OPC migration in vitro, and endo-
thelial b-catenin was involved in this process. Fourth,
OPC transplantation increased MBP expression for
remyelination.

Our results demonstrated a novel pathway that
Wnt7a from oligodendrocyte precursor cells acting on
endothelial b-catenin promoted angiogenesis and
improved neurobehavioral outcomes, which facilitated
white matter repair and remodeling during ischemic
stroke.
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