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Abstract: Angiogenesis plays a critical role in neural repair following ischemic stroke. Therapeutic angiogenesis con-
tributes to neurological functional recovery after cerebral infarction. Nerve growth factor (NGF) has been reported
as a neurotrophic factor. However, the angiogenic efficacy of NGF in cerebral ischemia remains unclear. In this
study, we investigated the effect of NGF on angiogenesis in the ischemic penumbra and neurological outcome in a
rat model of middle cerebral artery occlusion (MCAQ). Our results demonstrate that the intranasal administration
of NGF improves neurological outcome and reduces infarct volume on day 7 after MCAO in rats. Treatment with
NGF promoted angiogenesis in the peri-infarct region, increased the serum levels of VEGF and SDF-1 protein, and
elevated the number of circulating endothelial progenitor cells (EPCs) on day 4 after MCAO. In addition, NGF en-
hanced capillary-like tube formation of rat brain microvascular endothelial cells in vitro, further confirming its angio-
genic effect. Furthermore, the neuroprotective and angiogenic effects of NGF can be significantly attenuated by the
phosphatidylinositide 3-kinase (PI3K)/Akt pathway antagonist LY294002. Our results indicate that NGF-enhanced
angiogenesis contributes to neurological functional recovery after ischemic stroke, which may occur partly via acti-
vation of the PI3K/Akt signaling pathway. This study provides novel experimental evidence for the angiogenic role
of NGF in treating ischemic stroke.
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Introduction

Stroke is one of the major causes of death or
severe long-term disability worldwide. Effective
drugs for treatment of acute ischemic stroke
remain quite limited. Although treatment with
intravenous recombinant tissue-type plasmino-
gen activator, the only FDA-approved drug treat-
ment for acute ischemic stroke, can effectively
reduce disability after acute ischemic stroke,
it must be administered within 4.5 hours after
the onset of stroke. Therefore, pharmacological
therapy aimed to promote post-stroke brain re-
pair has drawn much attention in the last deca-
de. Angiogenesis plays a critical role in neuro-
plasticity following ischemic stroke. Acute isch-

emic stroke induces angiogenesis, and vascu-
lar remodeling participates in the complex pro-
cess of brain repair after cerebral ischemia, in-
cluding resorting of cerebral blood flow, supply-
ing neurotrophic factors for neural stem cells,
and improving synaptic plasticity. Clinical evi-
dence reveals that there is a significant incre-
ase in the number of microvessels in the pen-
umbra of patients with cerebral infarction, and
higher microvessel density may be related to
longer survival time after stroke [1]. In agree-
ment with the results of other research groups,
our previous studies showed that treatment
with exogenous angiogenic factors contributes
to the recovery of neurological function in ani-
mal models of cerebral ischemia [2-5]. Thus,



Nerve growth factor promotes post-stroke angiogenesis

therapeutic angiogenesis may represent a pro-
mising strategy for the treatment of ischemic
stroke.

Nerve growth factor (NGF) is the first identified
member of the neurotrophic family. NGF binds
to its specific tropomyosin-related kinase (TrkA)
receptor and plays crucial roles in the growth,
differentiation, and survival of distinct neurons
in the peripheral and central nervous systems.
Although NGF was initially discovered as a neu-
rotrophic factor, increasing evidence has shown
that NGF also exerts actions on both physiologi-
cal and pathologic processes of angiogenesis
[6-9]. It is well known that cerebral ischemia
can upregulate the expression of many proan-
giogenic factors in the ischemic area. A recent
study revealed that NGF could enhance the se-
cretion of vascular endothelial growth factor
(VEGF) and promote cell proliferation via the
phosphatidylinositide 3-kinase (PI3K)/Akt pa-
thway in Mdller cells [10]. Additionally, NGF
could promote migration and proliferation of
human choroidal endothelial cells [11], as well
as enhance endothelial progenitor cell (EPC)-
mediated angiogenic responses [12].

Experimental studies have documented that
the use of NGF increases capillary density in
animal models of ischemic diseases includ-
ing hindlimb ischemia and myocardial infarc-
tion [7-9, 13]. However, the efficacy of NGF in
promoting post-ischemic stroke angiogenesis
has not been well elucidated. In this study, we
investigated the hypothesis that the adminis-
tration of NGF could promote angiogenesis in
the ischemic penumbra and improve neurologi-
cal outcome in a rat model of ischemic stroke.
Moreover, the underlying molecular mechanis-
ms of NGF-enhanced angiogenesis on post-
ischemic recovery were also explored.

Materials and methods
Experimental animals

A total of 72 male Sprague-Dawley rats weigh-
ing 200-250 g were used in this study. All rats
were housed in an air-conditioned room with a
12:12 h light/dark cycle and were raised with
free access to food and water. All experimen-
tal procedures were approved by the local Ins-
titutional Animal Care and Use Committee and
in accordance with guidelines for animal use.
We made significant effort to minimize the ani-
mals’ suffering during the experiments.
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Middle cerebral artery occlusion (MCAO)

The model rats were made by MCAO according
to previously described procedures [5]. Briefly,
rats were anesthetized with sodium pentobar-
bital (50 mg/kg, intraperitoneally), and then a
ventral midline incision was made and the right
common carotid artery (CCA), external carotid
artery (ECA), and internal carotid artery (ICA)
were gently exposed. A 4.0 monofilament ny-
lon suture with a tip diameter of 0.28 mm
(Cinontech Co., Ltd., Beijing, China) was care-
fully inserted through the right ECA into the
right ICA about 18.0 + 1.0 mm from the carotid
artery bifurcation, and then gently advanced to
occlude the origin of the right middle cerebral
artery. After 2 h of MCAO, the suture was care-
fully withdrawn and reperfusion was confirm-
ed by laser Doppler. Heat lamps were used to
maintain body temperature at 37 + 0.5°C dur-
ing the operative procedures.

Experimental groups

All rats were randomly assigned to the NGF
group, vehicle group, or NGF + LY294002
group. Rats in the NGF group or vehicle group
were intranasally administered with NGF (60
pg/kg/d, NOBEX; Sinobioway Biomedicine Co.,
Ltd., Xiamen, Fujian, China) or the same volume
of 0.9% saline daily for 6 consecutive days
starting 2 h after MCAO. Rats in the NGF +
LY294002 group were pretreated with LY294-
002 (10 pL, 10 mM in 100% DMSO, CST, USA)
by right intraventricular injection 30 min before
MCAOQ, and then intranasally administered with
NGF (60 pg/kg/d) daily for 6 consecutive days
starting 2 h after MCAO.

Intranasal administration

After anesthesia, rats were placed in a supine
position. NGF was dissolved in 0.9% saline and
intranasally delivered at doses of 60 ug/kg/d,
5 pl at a time, via alternating nostrils with an
interval of 5 min between dosings. Rats of the
vehicle group received 0.9% saline in the same
manner.

Bromodeoxyuridine administration

5’-bromo-2’-deoxyuridine (BrdU) was used to
label proliferative cells. Rats of each group
were given intraperitoneal injection of BrdU
(50 mg/kg, Sigma-Aldrich, St. Louis, MO, USA)
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twice daily for 3 consecutive days beginning on
day 4 after MCAO.

Neurological function assessment

Bederson scores were used to evaluate neuro-
logical function in all rats on days 1, 4, and 7
after MCAO, as previously described [14]: O,
extension of both forelimbs toward the floor
and no other neurological deficits; 1, contralat-
eral forelimb flexion and no other neurological
deficits; 2, reduced resistance to lateral push
without circling; and 3, consistent circling to the
paretic side.

Infarct volume measurement

Infarct volume was measured using 2, 3, 5-tri-
phenyltetrazolium chloride (TTC, Sigma-Aldrich,
USA) staining on day 7 after MCAQO. In brief, rats
were anesthetized, and then brains were rap-
idly removed and cut into five 2 mm thick coro-
nal sections. The sections were incubated with
2% TTC at 37°C for 30 min, and then immersed
in 4% paraformaldehyde at 4°C overnight. The
TTC-stained sections were photographed and
analyzed by a computer imaging analysis sys-
tem. The relative infarct volume was presented
as the percentage of the contralateral hemi-
sphere and analyzed using Image) 1.46 soft-
ware (Image J, NIH, MD, USA).

Enzyme-linked immunosorbent assay (ELISA)

Rats were deeply anesthetized and blood sam-
ples were obtained from the abdominal aorta
on day 4 after MCAO. After centrifugation at
3,000 rpm for 15 min, the supernatant was col-
lected. The concentrations of VEGF and stromal
cell-derived factor 1 (SDF-1) were measured
using a rat VEGF ELISA kit (RRVOO, R&D Sys-
tems, USA) and a rat SDF-1 ELISA kit (KA3681,
Abnova, Taiwan), according to the manufactur-
er’s instructions.

Flow cytometry

The number of circulating EPCs from peripheral
blood was measured by flow cytometry. Briefly,
peripheral blood mononuclear cells were sepa-
rated from fresh blood samples on day 4 after
MCAOQ, and then subjected to density gradient
centrifugation at 300 x g for 20 min at room
temperature, washed three times with 0.01
M phosphate-buffered saline (PBS), and then
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stained with anti-rat CD34-PE (Abcam, USA)
and anti-rat KDR-FITC (Abcam, USA) for 30 min
at room temperature in the dark. Mouse IgG1-
PE isotype (Abcam, USA) was used as a con-
trol antibody. Samples were analyzed by flow
cytometry using the Novocyte flow cytometer
(2060R, ACEA Biosciences, USA). Data were
analyzed using the FlowJo software.

Immunofluorescence staining

Rats were anesthetized and transcardially per-
fused with heparinized saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer
(PB). The rat brains were taken out immediate-
ly, postfixed for 6 h, sequentially immersed in
15%, 20%, 30% sucrose/PB solution, and then
cut as 10 ym coronal sections (VT 2800N;
Leica, Heidelberg, Germany). The brain sec-
tions were frozen at -80°C.

Immunofluorescence staining was performed
as previously described [5, 15]. Frozen coronal
sections were blocked in 10% normal donkey
serum for 1 h and then incubated with pri-
mary antibodies [mouse monoclonal anti-BrdU
(1:1000, Sigma-Aldrich, USA), rabbit polyclonal
anti-laminin (1:400, Sigma-Aldrich, USA)] at
4°C overnight. The secondary antibodies Alexa
Fluor 488 (1:200, Invitrogen, USA) and Alexa
Fluor 594 (1:200, Invitrogen, USA) were applied
for 1 h at room temperature. For immunofluo-
rescent staining for BrdU, we pretreated the
brain sections using 2 NHCI at 37°C for 30 min,
and then rinsed them in 0.1 M boric acid (pH
8.5) at room temperature for 10 min before
they were incubated with the blocking solution.
Negative control sections were incubated with
0.01 M PBS as a substitute for the primary anti-
body. Images were captured with a fluores-
cence microscope (DM600Db, Leica, Germany)
and analyzed using ImageJ.

Western blot analysis

Fresh brain tissues were lysed with lysis buffer.
Protein concentration was determined using
standard Bradford assay. Equal amounts of
protein from each experimental group were
loaded onto 10% SDS-polyacrylamide gels and
then transferred to PVDF membranes. After
being blocked with 4% non-fat milk in TBS-T
buffer for 2 h at room temperature, membranes
were incubated with rabbit polyclonal anti-Akt
antibody (1:5000, Abcam) or rabbit polyclonal
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Figure 1. NGF improves neurological functional out-
come after ischemic stroke in rats. Graphs show the
Bederson scores for rats in the vehicle, NGF, and
NGF + LY294002 groups on day 7 after MCAO. Sig-
nificant improvements in neurological function were
observed in the NGF group compared with the ve-
hicle group. *P < 0.05 versus vehicle group, and #P
< 0.05 versus NGF group.

anti-p-Akt antibody (1:1000, Cell Signaling Te-
chnology) at 4°C overnight. Rabbit monoclonal
anti-B-actin (1:1000, Cell Signaling Technology)
was used as a loading control. After being
washed with TBS-T buffer, the membranes
were incubated with horseradish peroxidase-
conjugated anti-rabbit IgG (1:2000, Cell Signal-
ing Technology) at room temperature for 1 h.
Immunoreactive bands were visualized using
the enhanced chemiluminescence method.
The blots were semiquantified using the Bio-
Rad Image Lab™ Version 3.0 software (Bio-
Rad, USA).

Capillary-like tube formation assay

To examine the angiogenic action of NGF in
vitro, a capillary-like tube formation assay was
performed using rat brain-derived microendo-
thelial cells (rBMECs). Growth factor-reduced
Matrigel (BD Biosciences, USA) was plated on-
to 24-well plates and incubated at 37°C for
30 min. The cultured 2nd passage rBMECs
were seeded at 5 x 10* cells/well in Dulbec-
co’'s Modified Eagle Medium (DMEM), DMEM
containing NGF, or DMEM containing NGF +
LY294002. Forty-eight hours later, the medium
was removed. The cells were washed with 0.01
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M PBS, fixed with 4% paraformaldehyde, and
then stained with Calcein AM (Invitrogen, Carls-
bad, CA). The branch length of capillary-like
tube structures was imaged and measured at
5 random areas of each well using a micro-
scope with 20 x magnification (Leica DMI40-
00B, Germany). All assays were carried out in
triplicate.

Statistical analysis

Quantitative data are expressed as means *
SD. Differences between two groups were ex-
amined using Student’s t-test and statistical
comparisons between multiple groups were
made by one-way ANOVA followed by least sig-
nificant differences test. All numerical data we-
re analyzed with SPSS 18.0 for Windows. P <
0.05 was considered statistically significant.

Results

NGF improves neurological functional outcome
after ischemic stroke

We measured neurological function using mod-
ified Bederson scores on days 1, 4, and 7 after
MCAO in all rats. Compared with those in the
vehicle group, rats in the NGF-treated group
showed better neurological recovery on days 1,
4, and 7 after MCAO, while rats in the NGF +
LY294002 group exhibited worse neurological
outcome than those of the NGF group at the
same point after MCAO (Figure 1). These data
suggest that treatment with NGF significantly
enhanced functional recovery after ischemic
stroke, which occurred partly via PISK/Akt sig-
naling.

NGF reduces cerebral infarct volume after
ischemic stroke

To further examine whether intranasal adminis-
tration of NGF could improve neurological out-
come after ischemic stroke, we used TTC stain-
ing to detect cerebral infarct volume. NGF-
treated rats had smaller cerebral infarct vol-
umes than vehicle-treated rats on day 7 after
MCAOQ. However, the cerebral infarct volume of
NGF + LY294002-treated rats was significantly
larger compared to that of the NGF-treated rats
at the same time point after MCAO (Figure 2).
These results indicate that treatment with NGF
significantly reduced cerebral infarct volume in
the MCAO rats, and that blocking PI3K/Akt sig-
naling could significantly decrease the neuro-
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Figure 2. NGF reduces cerebral infarct volume after ischemic stroke in rats. Representative images of brain sections
stained by TTC (A) and quantification of infarct volume (B) in rats of the vehicle, NGF, and NGF + LY294002 groups
on day 7 after MCAO. Data are given as the mean + SD (n = 6 animals per group). Mean infarct volume of rats in
the NGF group was significantly reduced compared to rats in the vehicle and NGF + LY294002 groups. *P < 0.05
versus vehicle group, and #P < 0.05 versus NGF group.
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Figure 3. NGF upregulates the serum level of VEGF and SDF-1 after ischemic Rats of the NGF + LY294002
stroke in rats. Blood samples were obtained from the abdominal aorta and group showed significantly re-
the supernatant was collected. Serum levels of VEGF protein (A) or SDF-1 duced levels of VEGF com-
protein (B) in rats of the vehicle, NGF, and NGF + LY294002 groups on day pared to the NGF group (Fig-
4 after MCAO, measured by ELISA. Rats from the NGF + LY294002 group
showed significantly reduced VEGF expression compared to the NGF group.
*P < 0.05 versus vehicle group, and #P < 0.05 versus NGF group.

ure 3). However, there was
no difference in SDF-1 level
between the NGF treatment
group and NGF + LY294002
protective effect of NGF in the setting of isch- treatment group. These results suggest that in-
emic stroke. tranasal delivery of NGF increased the serum
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ment alone (Figure 4). These
results show that intranasal
administration of NGF can en-
hance mobilization of EPCs,
which occurs partly by activa-
tion of the PI3K/Akt signaling
pathway.

NGF promotes angiogenesis
in the peri-infarct region after
ischemic stroke

Immunofluorescence staining
was performed to investigate
the effect of intranasal ad-
ministration of NGF on angio-
genesis after ischemic stroke.
Intranasal NGF treatment sig-
nificantly increased microves-
sel density in the peri-infarct
region, as compared with the
vehicle treatment group on
day 7 after MCAO (Figure 5).
A lower microvessel density

Figure 4. NGF increases the number of circulating EPCs in MCAO rats. Pe-
ripheral blood mononuclear cells were stained with anti-rat CD34-PE and
anti-rat KDR-FITC, and double immunofluorescence staining of peripheral

N was observed in the peri-in-
© farct region of NGF + LY294-
002-treated rats compared to
NGF-treated rats at the same
point after MCAO (Figure 5).

blood CD34*/KDR* cells was used to identify EPCs. Representative images

of the number of circulating EPCs measured by flow cytometry in the vehicle
group (A), NGF group (B), and NGF + LY294002 group (C). Quantification of
circulating EPCs in the peri-infarct region on day 4 after MCAO for each group
(D). *P < 0.05 versus vehicle group, and #P < 0.05 versus NGF group.

levels of angiogenic factors following ischemic
stroke, which occurred partly through the PI3K/
Akt signaling pathway.

NGF enhances the number of circulating EPCs
in MCAQO rats

To determine whether intranasal delivery of
NGF mobilizes EPCs from bone marrow into
peripheral blood after ischemic stroke, we
measured the number of circulating EPCs in
peripheral blood from MCAO rats by flow cyto-
metry. In this analysis, double immunofluores-
cence staining of CD34* and KDR* cells was
used to identify bone marrow-derived EPCs.
On day 4 after MCAO, the number of circula-
ting CD34*/KDR* cells was significantly higher
in the NGF-treated group than in the vehicle-
treated group (Figure 4). Treatment with NGF +
LY294002 decreased the number of circulating
CD34*/KDR* cells compared with NGF treat-
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To further verify the efficacy
of intranasal administration
of NGF in promoting angio-
genesis in the rat model of
MCAO, double immunofluore-
scence staining of both BrdU and laminin was
used to identify newly formed vascular endo-
thelial cells. We found that the number of
BrdU*/laminin* cells in the peri-infarct region
was significantly higher in NGF-treated rats
than that of vehicle-treated rats (Figure 5).
Moreover, the angiogenic effect of NGF was
significantly inhibited by the PI3K/Akt pathway
antagonist LY294002 (Figure 5). These data
suggest that treatment with NGF promotes
angiogenesis in the peri-infarct region after is-
chemic stroke, which occurs partly via activa-
tion of the PI3K/Akt signaling pathway.

NGF increases Akt phosphorylation in the peri-
infarct region after ischemic stroke

To further examine whether NGF exerts its an-
giogenic action on brain repair via activation of
the PI3K/Akt signaling pathway, we monitored
the expression of p-Akt in the peri-infarct region

Am J Transl Res 2018;10(11):3481-3492
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Figure 5. NGF promotes angiogenesis in the peri-infarct region after ischemic stroke in rats. Laminin-immunoposi-
tive cells (red), BrdU-immunopositive cells (green), double-immunofluorescent labeling with antibodies against BrdU
and laminin (yellow; indicated by the arrow). (A) Representative images of microvessel density and of BrdU*/laminin*
cells (arrow) in the peri-infarct area in rats of the vehicle, NGF, and NGF + LY294002 groups on day 7 after MCAO.
Quantification of microvessel density (B) or the number of BrdU*/laminin* cells (C) in the peri-infarct area on day 7
after MCAO for each group. Images were captured with a fluorescence microscope (DM600b, Leica, Germany). *P
< 0.05 versus vehicle group, and #P < 0.05 versus NGF group. Scale bar, 100 um.

by Western analysis. Treatment with NGF sig-
nificantly upregulated the expression of p-Akt
compared to vehicle-treated rats on day 7 after
MCAOQ (Figure 6). However, pre-treatment with
LY294002 followed by NGF administration re-
sulted in a significant reduction of p-Akt ex-
pression compared to treatment with NGF al-
one at the same point after MCAO (Figure 6).
These results further confirm that the PI3K/Akt
signaling pathway plays a critical role in NGF-
enhanced angiogenesis after ischemic stroke.

NGF stimulates capillary-like tube formation in
vitro

We performed a capillary tube formation assay
to confirm the efficacy of NGF in enhancing
angiogenesis, using rat cerebral rBMECs. First,
we incubated rBMECs with varying concentra-
tions of NGF and established that the most
effective concentration for tube formation was
500 pg/ml. Administration of NGF significantly
induced capillary-like tube formation of rBMECs
on growth factor-reduced matrigel when com-
pared with the control treatment group. NGF-
enhanced capillary-like tube formation was sig-
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nificantly inhibited when rBMECs were pre-tre-
ated with LY294002 (30 pmol/ml) followed by
administration of NGF (Figure 7). These data
indicate that NGF increases angiogenesis in
vitro, and that the PI3K/Akt signaling pathway
plays a crucial role in the angiogenic effect of
NGF.

Discussion

In this study, we found that intranasal adminis-
tration of NGF improved neurological functional
outcome and reduced infarct volume in a rat
model of cerebral ischemia. Treatment with
NGF promoted angiogenesis in the peri-infarct
region, increased the serum levels of VEGF and
SDF-1 protein, and elevated the number of cir-
culating EPCs after ischemic stroke. NGF pro-
moted capillary-like tube formation of rBMECs
in vitro, further confirming its angiogenic effect.
Furthermore, the neuroprotective and angio-
genic effects of NGF can be significantly atten-
uated by a PI3K/Akt pathway antagonist, LY-
294002. Altogether, our results indicate that
NGF-enhanced angiogenesis may contribute to
neurological functional recovery after ischemic

Am J Transl Res 2018;10(11):3481-3492
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Figure 6. NGF stimulates p-Akt in the peri-infarct re-
gion after ischemic stroke in rats. A. Representative
Western blots of p-Akt and Akt expression on day 7
after MCAO in rats of the vehicle, NGF, and NGF +
LY294002 groups. B. Bar graph shows the relative
expression of p-Akt/Akt in rats of the vehicle, NGF,
and NGF + LY294002 groups on day 7 after MCAO.
NGF significantly increased the expression of p-Akt,
and pre-treatment with LY294002 followed by NGF
administration resulted in a reduction of p-Akt ex-
pression. B-actin is used as an internal standard. *P
< 0.05 versus vehicle group, and #P < 0.05 versus
NGF group.

stroke, which may partly occur via activation of
the PI3K/Akt signaling pathway.

Itis well established that angiogenesis plays an
essential role in brain repair following ischemic
stroke. The penumbra is the most critical thera-
peutic target in the acute phase of ischemic
stroke. Our previous studies and those of oth-
ers have shown that therapeutic angiogenesis
promotes microvascular endothelial cell growth
and improves tissue perfusion in the peri-infar-
ct area, which benefits regeneration by supply-
ing oxygen and energy substrates to the isch-
emic brain tissue [2, 3, 15]. In the past decade,
most studies about the neuroprotective action
of NGF have only focused on its role in enhanc-
ing the growth, differentiation, and survival of
neurons in the peripheral and central nervous
systems [16, 17]. Recent studies have shown
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the effect of NGF on angiogenesis in animal
models of ischemic hindlimb and myocardial
ischemia [7-9, 13]. However, whether treat-
ment of NGF could improve angiogenesis fol-
lowing cerebral ischemia remained unclear. Our
study shows that NGF has angiogenic proper-
ties in the setting of cerebral ischemia. We
found that NGF treatment significantly increa-
sed microvessel density and newly formed vas-
cular endothelial cells in the peri-infarct region
in MCAQO rats.

The question arises, what is the cellular basis
of the angiogenic action of NGF on post-stroke
angiogenesis? Increasing evidence suggests
that angiogenesis and neurogenesis are inter-
related neurorestorative mechanisms, i.e., an-
giogenesis is directly linked to neurogenesis
following ischemic stroke [18, 19]. Consistent
with findings of other researchers, our previous
studies also confirmed that migrating neural
progenitor cells (NPCs) are closely associated
with newly formed microvessels within the neu-
rovascular niche in a rat model of focal cere-
bral infarction [5, 15]. In the present study, we
observed an increased number of nascent vas-
cular endothelial cells labeled as BrdU*/lam-
inin* in the ischemic penumbra in NGF-treated
MCAQO rats. Together with the results of a recent
study showing that NGF treatment enhances
neural stem cell survival in the striatum and
improves functional outcome after experimen-
tal cerebral ischemia [20], we postulate that
NGF-stimulated newly formed microvascular
endothelial cells might secrete various growth
factors and chemokines to provide neurotroph-
ic support to NPCs, fostering the survival of
NPCs in the neurovascular niche and directing
NPC migration toward the ischemic brain re-
gion after stroke. Therefore, it is reasonable to
expect that the interaction of NGF-enhanced
angiogenesis and neurogenesis may benefit
neurological outcome after ischemic stroke.

As the processes underling ischemia-triggered
angiogenic remodeling are very complex, we
investigated the underlying molecular mecha-
nisms of NGF’s angiogenic action on ischemic
stroke. It is known that increased expression of
angiogenic factors is seen in the ischemic pen-
umbra within hours of stroke onset and lasts
up to several days following cerebral ischemia
[20, 21]. Moreover, the elevated expression of
angiogenic factors correlates with the appear-
ance of newly generated vessels in the peri-
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way plays a key role in an-
giogenesis after ischemic in-
jury. The expression of multi-
ple angiogenic molecules, su-
ch as VEGF and SDF-1, may
be upregulated by the PI3K/
Akt signaling pathway [26].

Do Figure 7. NGF stimulates capillary-like CXCR4-mediated proliferation
S0 tube formation in vitro. Representative and migration of EPCs after
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N + LY294002 (C). NGF promoted capillary- ~ Way, and downregulation of
-l like tube formation of rat cerebral rBMECs CXCR4 could inhibit angiog-
& at 500 pg/ml. Bar graph showing quanti- enesis through downregula-
s g g foationofthe length of capillarylie tube tion of the PISK/AKt pathway
o8 & ormation for each group (D). : [27, 28]. The SDF-1/CXCR4
& & PR versus vehicle group, and #P < 0.05 ver- i al VEGF-

¥ & $ sus NGF group. Scale bar, 100 pm. axis also can promote

infarct area [22]. Among angiogenic factors,
VEGF is known as the most powerful mitogen
for endothelial cells, and SDF-1 is crucial in EPC
mobilization and homing to ischemic sites. Our
study showed that there was an elevated level
of serum VEGF on day 4 after MCAO in NGF-
treated rats, indicating that exogenous NGF
may directly exert angiogenic action by upregu-
lating the expression of VEGF. Furthermore,
EPCs have important roles in angiogenesis
and the repair of injured endothelium. The
mobilization, recruitment, and homing of EPCs
require the participation of multiple angiogenic
factors, including VEGF and SDF-1 [23-25].
VEGF was reported to promote corneal neovas-
cularization by mobilizing EPCs [23]. Under
ischemic conditions, the expression of SDF-1
and CXC chemokine receptor 4 (CXCR4) in-
creased in ischemic tissues, promoting hom-
ing of EPCs to the sites of ischemia [24, 25].
These findings suggest that interactions be-
tween angiogenic factors and EPCs contribute
to promoting angiogenesis after ischemic in-
jury. In agreement with the elevated serum
expression of VEGF, our study also showed that
there was a significant increase in the number
of circulating EPCs in NGF-treated rats after
ischemic stroke. Taken together, we conclude
that the NGF-enhanced upregulation of VEGF
expression may further mobilize bone marrow-
derived EPCs into peripheral blood, which in
turn fosters the angiogenic effect of NGF in
ischemic stroke.

Accumulating evidence from a number of stud-
ies has shown that the PI3K/Akt signaling path-
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mediated angiogenesis thro-

ugh the PI3K/Akt signaling
pathway [4]. These findings indicate that the
PI3K/Akt signaling pathway is involved in the
angiogenic process after ischemic stroke. NGF
and its receptor, TrkA, are able to stimulate the
expression of VEGF and enhance the survival
and growth of endothelial cells [29]. Other stud-
ies have revealed that activation of TrkA at the
cell surface activates multiple signaling path-
ways involving PI3K, leading to activation of
multiple downstream effectors including Akt,
which is essential for VEGF-induced angiogen-
esis and endothelial cell survival [30, 31].
Ahluwalia and colleagues also found that NGF’s
angiogenic action on rat endothelial cells was
mediated via PISK/Akt signaling [32]. These
findings support the notion that the PI3K/Akt
signaling is involved in the angiogenic actions
of NGF in vitro. Our findings showed that the
upregulation of serum VEGF expression was
significantly inhibited and the increase in circu-
lating EPCs was blocked by LY294002, an
inhibitor of PI3K/Akt signaling. Collectively,
these data suggest that NGF promotes post-
stroke angiogenesis in part by activating PI3K/
Akt signaling. Studies have shown that miR-
221 is essential for angiogenesis by regulating
PI3K signaling; however, we did not explore
related genes [33].

The blood-brain barrier is a highly selective
semipermeable membrane barrier, which limits
or prevents the entry of therapeutic drugs in
the treatment of stroke. In light of this, a crucial
question in considering neurotrophic factors as
therapeutic candidates is how to promote entry
into the central nervous system. In the last de-
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cade, intranasal administration has been prov-
en to be a non-invasive and effective method
for delivery of large molecular weight therapeu-
tics, which may bypass the blood-brain barrier
and allow exogenous proteins to access the
central nervous system directly. Interestingly, it
has been reported that intranasal delivery of
NGF can ameliorate B-amyloid deposition in
animal models of Alzheimer disease and trau-
matic brain injury [34]. A recent study also con-
firmed the effectiveness of intranasal adminis-
tration on promoting neurogenesis in a rat mo-
del of cerebral ischemia [35]. Based on these
data, in this study we attempted to deliver NGF
by the intranasal route in a rat model of isch-
emic stroke. Our findings show that ischemia-
induced angiogenesis in the peri-infarct region
is significantly enhanced by the intranasal de-
livery of NGF.

There are some limitations to our study. We did
not observe the long-term effect of NGF on an-
giogenesis after ischemic stroke. In addition,
although we detected the mobilization of EPCs
from bone marrow to the peripheral blood,
whether NGF can promote EPC migration and
homing into the sites of ischemic injury and in
turn contribute to neural repair after ischemic
injury remains unknown. Further studies are
needed to establish in detail the underlying
mechanisms of action of NGF on post-stroke
angiogenesis.

Conclusion

In the present study, we showed that intranasal
administration of NGF promotes angiogenesis
in ischemic brain tissue after ischemic stroke.
The upregulation of pro-angiogenic factors and
mobilization of EPCs from the bone marrow to
the peripheral blood may mediate NGF’s angio-
genic effect on cerebral ischemia. Our results
indicate that NGF-enhanced angiogenesis con-
tributes to neurological functional recovery af-
ter ischemic stroke, which may occur through
activation of the PI3K/Akt signaling pathway.
This study provides novel experimental evi-
dence for the angiogenic roles of NGF in isch-
emic stroke.
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