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1 | INTRODUCTION

Summary

Aims: Neural stem cells (NSCs) in the adult mammalian spinal cord are activated in
response to spinal cord injury (SCI); however, mechanisms modulating this process
are not clear. Here, we noticed SCI elevated expression of vascular endothelial
growth factor (VEGF) and we aimed to validate the roles of VEGF in NSCs activation
after SCI and investigated the related signals during the process.

Methods: In vitro we detected whether VEGF promoted spinal cord NSCs prolifera-
tion and investigated the involved signals; In vivo, we injected VEGF into rat spinal
cord to check the NSCs activation.

Results: In vitro, VEGF triggered spinal cord NSCs proliferation and maintained self-
renewal. Further investigations demonstrated VEGF transactivated epidermal
growth factor receptor (EGFR) through VEGF receptor 2 (VEGFR2) to promote spinal
cord NSCs proliferation. In vivo, we injected VEGF into spinal cord by laminectomy to
confirm the roles of VEGF-VEGFR2-EGFR signals in NSCs activation. VEGF signifi-
cantly elevated the number of activated NSCs and increased EGFR phosphorylation.
In contrast, intraspinal injection of specific inhibitors targeting EGFR and VEGFR2
decreased NSCs activation after SCI. Our results demonstrate that VEGF-VEGFR2-
EGFR axis is important for NSCs activation after SCI, providing new insights into the

mechanisms of spinal cord NSCs activation postinjury.

KEYWORDS
epidermal growth factor receptor, neural stem cells activation, spinal cord injury, vascular

endothelial growth factor, VEGF receptor 2

subventricular zone (SVZ) and in the subgranular zone (SGZ) of the

hippocampal dentate gyrus.* The adult mammalian spinal cord also

Neural stem cells (NSCs) in the adult mammalian central nervous sys-
tem (CNS) have now been found in two principal regions, the brain
and the spinal cord.™® In the mammalian adult brain, NSCs reside
in specialized microenvironments, located in the lateral ventricle’s

The first two authors contributed equally to this work.

harbors ciliated ependymal cells lining the central canal, which have
stem cell potential in vitro. Most adult spinal cord NSCs remain qui-
escent under normal conditions, but following spinal cord injury (SCI)
the rarely dividing ependymal cells can become activated and mi-
grate from the central canal to sites of injury.5'6 However, the mech-

anisms that are involved in these processes are yet to be revealed.
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The transition of spinal cord NSCs from quiescent to prolifera-
tive cells is associated with changes in the microenvironment after
SCI. Previous report shows vascular integrity improves neuroregen-
eration, implying the important roles of vascular in neuroregener-
ation.”® In adults, NSCs are located near vascular endothelial cells
that provide oxygen to neural cells, and proliferate in small clusters
around dividing capillaries in the CNS.” After injury, events such as
hypoxic conditions, cytokine, and growth factor secretion contrib-
ute to NSCs proliferation.10 Vascular endothelial growth factor A
(VEGF-A, VEGF in short), a member of VEGF family and first identi-
fied as a regulator of angiogenesis, can be easily induced by hypoxic
conditions.** In the nervous system, VEGF exerts a protective effect
on neurons and promotes neurite extension in spinal cord explants,
possibly by stabilizing and upregulating MAP2 (microtubule-associ-
ated protein 2) expression.12 Importantly, VEGF has mitotic effects
on NSCs through interactions with VEGF receptors (VEGFRs) and

13-15

enhances neurogenesis in the hippocampus, whereas NSCs-

specific loss of VEGF results in impaired stem cell maintenance.*
Furthermore, VEGF is upregulated following CNS injury."*
Nevertheless, very little is known about the contribution of VEGF to
spinal cord NSCs activation following SCI.

Epidermal growth factor receptor (EGFR, also known as ErbB1)
was the first identified receptor of the ErbB family. Currently, the
ErbB family includes EGFR, ErbB2, ErbB3, and ErbB4. EGFR can
be transactivated by several signaling molecules, including G-pro-
tein-coupled receptor (GPCR)-mediated signaling, protein kinase C
(PKC), and nonreceptor tyrosine kinases such as Src and Pyk2.20'22
In the nervous system, EGFR signaling promotes the proliferation
and survival of NSCs and inhibits neuronal differentiation.?2%° In
particular, EGFR interacts with some pathways to promote NSCs
proliferation in vivo.?®?” Notably, EGFR expression is upregulated
under hypoxic conditions generated by spinal or peripheral nervous
injury.28'29 Here, we demonstrate that VEGF promotes spinal cord
NSCs activation through EGFR transactivation following SCI. Our re-
sults reveal that VEGF may act as a driving force for NSCs activation,
and provide new insights into the mechanisms of NSCs activation

following SCI.

2 | MATERIALS AND METHODS

2.1 | Animals and ethics statement

Female Sprague Dawley (SD) rats (210-230 g) were purchased from
Vital River (China) and housed in temperature-controlled (24°C) and
humidity-controlled (50%) animal quarters with a 12-hour light/dark
cycle with free access to food and water. All animal experiments
were performed in accordance with the Chinese Ministry of Public
Health Guide and US National Institutes of Health Guide for the care
and use of laboratory animals. All procedures performed in studies
involving animals were in accordance with the ethical standards of

the institution or practice at which the studies were conducted.

2.2 | Animal surgery models

Surgeries were performed under strict sterile conditions.

Female adult SD rats (210-230 g) were used for surgery. Animals
were anesthetized by intraperitoneal (ip) injection of chloral hydrate
(0.5 g/kg) before surgery according to previous protocol.*° Two sur-
gical models were used: (1) complete spinal cord injury between tho-
racic 8 and 9 (T8-T9); (2) intraspinal injection.

1. For complete spinal cord injury, the pelage on the back of
the anesthetized rat was shaved, and the skin was cleaned
with povidone iodine solution. A 2-mm-long gap was made
between T8 and T9 of the spinal cord. Absorbable gelatin
sponge (Xiang En) was used to control bleeding at the tran-
section site. The rat survival rate after injury was above 80%.

2. For injection models, laminectomy and intraspinal injections into
the same site of the spinal cord (left side of T8-T9 in the spinal
cord, at the same distance from the central canal) were performed
using a needle loaded with different factors or inhibitors at 45° to
the spinal cord. The outer diameter of the needle was 0.5 mm (ap-
proximately 25 G). The tip of the needle was kept inside the spinal
cord for 1 minute after each injection to avoid liquid reflux and
enable sufficient absorption of the factors or inhibitors. The rat
survival rate was above 95%.

2.3 | Experimental groups and treatment

1. Complete spinal cord injury between T8 and T9 (n = 35; 5
rats/group) was divided into seven groups: 0, 1, 3, 7 days
postinjury, respectively; SCI group (as control), gefitinib group,

and cabozantinib group.

Animals of gefitinib group and cabozantinib group were adminis-
trated with inhibitors, respectively, by intraperitoneal injection for a
week before surgery (75 mg/kg, dissolved in 0.5% DMSO; 0.5% DMSO
injection as control), and administration continued throughout the ex-
periments. The 0-day postinjury (O dpi) group represents a model with-

out spinal cord injury, but with a laminectomy.

2. Intraspinal injection (n = 30; 5 rats/group) was divided into
six groups: control group; VEGF group; gefitinib group; cabo-
zantinib group; VEGF + gefitinib group; VEGF + cabozantinib
group.

Animals of inhibitors-treated groups were administrated with two
specific inhibitors (gefitinib and cabozantinib), respectively, by intra-
peritoneal injection for a week before surgery (75 mg/kg, dissolved
in 0.5% DMSO; 0.5% DMSO injection as control), and administration
continued throughout the experiments. Intraspinal injections into the

spinal cord were performed using a 25-G needle loaded with different
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factors (inhibitors: 75 mg/kg; VEGF: 500 ng/rat) at 45° to the spinal
cord.

Each day the bladders of animals were squeezed to extrude urine
twice and the animals were injected with penicillin/streptomycin
once, with free access to food and water.

2.4 | Tissue preparation

Spinal cord tissue was collected from around the injury site
(1 cm) after cardiac puncture and fixed with 4% PFA (paraform-
aldehyde) overnight for immunofluorescence. Tissue was then
dehydrated in 30% sucrose for 2 days. Cryosections (20 pum)
were taken and used for immunofluorescence studies by incu-
bating the sections overnight with primary antibodies before
labeling with Alexa Fluor-conjugated secondary antibodies. All
of the samples were used for assays, and every experiment was
repeated three times.

2.5 | Spinal cord NSCs culture

Spinal cord NSCs were isolated from the spinal cord of postnatal
day 3-5 SD rats. The NSCs were cultured in suspension in complete
medium containing DMEM/F12 (Invitrogen, Carlsbad, CA, USA),
B27 supplement (Invitrogen), 30% glucose (Sigma, Saint Louis, MO,
USA), 1.83 mg/mL heparin (Sigma), 100 U/mL penicillin/streptomy-
cin (Invitrogen), nonessential amino acids (NEAA; Invitrogen), and
sodium pyruvate (Invitrogen), which was enriched with either 20 ng/
mL VEGF, 50 ng/mL VEGF, or 100 ng/mL VEGF (Peprotech, Rocky
Hill, CT, USA). 20 ng/mL EGF (Peprotech) combined with 20 ng/mL
bFGF (Peprotech) was used as the control. Low attachment culture
dishes were used for cultures. Sphere formation and the average di-
ameters of NSCs were assessed on days 3 and 5. The medium was
replaced every 2-3 days. After 7 days, NSCs were prepared for pas-
saging or plating.

2.6 | Differentiation of spinal cord NSCs

Spinal cord NSCs spheres were cultured for 7 days and dissoci-
ated with 0.25% trypsin in 0.02% EDTA at 37°C for 20 minutes,
with mechanical agitation every 10 minutes. High-glucose DMEM
(Invitrogen) with 10% FBS was used to stop digestion before
5 x 10* cells per well were seeded in 48-well plates coated with
100 pg/mL PLL (poly-t-lysine; Sigma). Cells were allowed to ad-
here to dishes overnight. After 24 hours, cells were washed three
times with PBS to remove FBS (FBS might affect differentiation)
before the addition of the differentiation medium. The differen-
tiation medium consisted of high-glucose DMEM, N2 supplement
(Invitrogen), 30% glucose, 100 U/mL penicillin/streptomycin,
NEAA, sodium pyruvate, and 3% glutamine (Invitrogen). In accord-
ance with routine culture, half of the medium was replaced every
2 days. Immunofluorescence was performed after 7 days. Images
were captured using a Zeiss Axiovert 200 fluorescence microscope
(Carl Zeiss, Oberkochen, Germany).

2.7 | Secondary sphere formation and
proliferation assays

Spheres were dissociated with 0.25% trypsin and filtered through
a 40-um membrane to obtain single cells, which could then form
secondary spheres. The single NSCs were seeded in 3.5-cm dishes
(10° cells/dish). Sphere formation and the average diameters of NSCs
were assessed on day 5. The cells were passaged in low attachment
plates and cultured with VEGF-containing medium.

The proliferation rate was checked via EdU labeling. The neu-
rospheres were dissociated into single cells with 0.25% trypsin for
20 minutes. Before seeding cells, 96-well plates were coated with
100 pg/mL PLL (Sigma) for 30 minutes at 37°C and then washed
three times with PBS. Approximately 5000 cells were seeded per
well and incubated for 2 hours at 37°C with 5% CO, before adding
EdU (50 uM). The assay was performed according to the EdU kit in-
structions (RiboBio, Guangzhou, China).

2.8 | Cell viability assay

Approximately 1 x 10* single NSCs were seeded per well in 96-
well plates with a total volume of 100 uL/well. The inhibitors
gefitinib and cabozantinib both at 1 uM were added to VEGF-
containing medium to culture spinal cord NSCs for 24 hours. The
control group received 0.1% DMSO. Ten microliters of WST-1
(Beyotime, Shanghai, China) was added to each well, and the cells
were cultured at 37°Cin 5% CO, for 4 hours. VEGF-containing me-
dium with no cells was used as a blank. After 4 hours, the plates
were shaken for 1 minute to mix the solutions before detection.
The plates were read at 450 nm (420-480 nm), and the reference
wavelength was 690 nm.

2.9 | Immunofluorescence

Cells were fixed with 4% PFA for 30 minutes at room temperature
(RT), treated with 0.3% Triton X-100 for 10 minutes, and blocked for
1 hour with 10% BSA at RT. Cells were then incubated with primary
antibodies (1:500) at 4°C overnight and subsequently incubated
with Alexa Fluor 488-conjugated secondary antibodies (Invitrogen)
for 1 hour at RT. Hoechst 33342 (1 mg/mL) dye was used to stain
nuclear DNA. The respective images of cells were captured using a
Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss) and Leica
SCN400 slide scanner (Leica Microsystems, Wetzlar, Germany). The

primary antibodies are listed in Supplementary Table S1.

2.10 | Western blotting

Cells or spinal cord tissue was lysed into RIPA lysis (with pro-
tease inhibitors) buffer or 2% SDS for 30 minutes on ice and then
centrifuged at 12 000 x g at 4°C. The spinal cord tissue of the
SCI group consisted of 2 mm pieces from the front to back of
the lesions (T8-T9), and the counterpart was collected from the

sham group. The tissue was subsequently pulverized in liquid
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nitrogen. For the phosphorylation assay, phosphorylase inhibi-
tors (Selleck, Shanghai, China) were added into the RIPA buffer
(with protease inhibitors). VEGF was added into NSCs to stimu-
late for 10 minutes and collected cell samples for phosphoryla-
tion assay. Proteins (80 ug for each lane) were resolved using
SDS-PAGE with loading controls on the same blot and trans-
ferred onto nitrocellulose membranes, which were blocked
using 5% skimmed milk for 1 hour at RT. The membranes were
incubated with primary antibodies at 4°C overnight and subse-
quently hybridized with secondary antibodies conjugated with
horseradish peroxidase (HRP) for 2 hours. Protein binding was
visualized using enhanced chemiluminescence reagent (Thermo,
Waltham, MA, USA). The experiments were processed in paral-
lel and repeated at least three times. The primary antibodies are

listed in Supplementary Table S1.

2.11 | Calcium imaging

Dissociated spinal cord NSCs were seeded on cover slips coated
with PLL and stimulated with 100 ng/mL VEGF after starvation for
3 days. The cells were washed three times with HBSS (Invitrogen)
and incubated with 5 uM Fluo-3 AM (Beyotime) for 30 minutes at
37°Cin 5% CO,. Unbound Fluo-3 AM was removed by three wash
steps. The cells were incubated with HBSS for another 30 minutes
at 37°C in 5% CO,. Images were collected with a Leica SCN400
slide scanner.

2.12 | Statistical analysis

Two-tailed unpaired Student’s tests were used to test the compari-
sons between two groups. All error bars represent mean + SEM. The
significance level was set at P < 0.05 (exact P values, see figure leg-

ends). All experiments were repeated three times.

(A)  DAPI/Nestin (8) DAPIVEGF
0 dpi 0 dpi
1 dpi 1 dpi
3 dpi 3 dpi
7 dpi 7 dpi

©

Nestin

VEGF

Tubulin

3 | RESULTS

3.1 | Spinal cord NSCs activation is accompanied by
elevated VEGF expression after SCI

In the intact spinal cord, NSCs are confined within the ependymal
cell population and remain quiescent, and the expression of nestin
is restricted.3! Our previous study shows that spinal cord NSCs are
activated and proliferate robustly after SCI, using nestin immuno-
fluorescence to represent NSCs.%? We performed severe T8-T9 SCI
rat models (n = 5 rats/group) and observed the nestin-positive NSCs
around the injury sites were significantly elevated from day 1, peaked
on day 3 postinjury, and subsequently decreased on day 7 postinjury
(Figure 1A), which suggests that 1 dpi (days postinjury) is when NSCs
activation occurs earlier after SCI. Destruction of the vascular sys-
tem was the earliest event after SCI, subsequently generating a hy-
poxic condition, which may contribute to spinal cord NSCs activation
after injury.®® In our study, we found that Hif 1a expression, which
was induced by hypoxia and has been shown to promote VEGF
expression, was increased around the injured region after 3 days
postinjury (n = 2; Supplementary Figure S1). Furthermore, we found
that VEGF had a similar expression pattern to nestin (Figure 1B). In
addition, the evaluation of protein levels of nestin and VEGF around
the injured regions further confirmed that both NSCs activation and
VEGF expression were elevated on day 3 post-SCl (Figure 1C). These
results imply that the elevated VEGF expression may play a role in

the activation of endogenous spinal cord NSCs after SCI.

3.2 | VEGF promotes the proliferation of spinal cord
NSCs in vitro

The elevation of VEGF expression accompanied by NSCs activa-
tion after SCI indicates that VEGF may exert mitotic effects on

FIGURE 1 Endogenous spinal cord
NSCs are activated and accompanied

by elevated VEGF expression after

SCI (n = 5 rats/group). A, Endogenous
spinal cord NSCs are activated after SCI.
Few nestin® NSCs in O dpi group. SCI,
spinal cord injury. dpi, days postinjury.
Scale bar represents 500 um. B,
Immunofluorescence shows increased
VEGF expression after SCI. Scale bar
represents 500 um. C, Western blot
shows expression of both nestin and
VEGEF is increased after SCI (3 dpi). The
lesion sites are outlined by dashed lines
in (A) and (B). O dpi group represents
models without spinal cord injury but with
laminectomy
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spinal cord NSCs. To test this hypothesis, we investigated whether
VEGF could promote spinal cord NSCs proliferation in vitro. We
isolated cells from the spinal cord tissue of SD rat pups (postnatal
days 3-5) because it was difficult to gain a large number of adult
spinal cord NSCs, leading to small numbers of neurospheres.343°
Spinal cord tissue cells were cultured in suspension with differ-
ent concentrations of VEGF: 0 ng/mL (as a control), 20, 50, and
100 ng/mL. As expected, several cellular aggregates were seen on

day 1 (data not shown), and these had grown into neurospheres

(A) VEGF (ng/mL)

(€)

VEGF (ng/mL)

Control 20 50

€ VEGF (ng/mL)
0 20 50

100

Cyclin D1

Tubulin
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by days 3 and 5, with increasing diameters (Figure 2A). We meas-
ured the average diameters of the spheres in response to differ-
ent concentrations of VEGF at different time points. The results
showed that 20 ng/mL VEGF induced significant growth of the
neurospheres compared with the control group, which was fur-
ther promoted by 50 and 100 ng/mL VEGF (Figure 2B). Next, we
used EdU labeling to assess cell proliferation in neurospheres. The
percentage of EdU" cells was increased with increasing concentra-
tions of VEGF (Figure 2C,D), suggesting that the cells were at a

(B)
- e —_— — B Control
°E 0 = e 3 VEGF 20 ng/mL
[Tl =1 VEGF 50 ng/mL
§ L 10 I VEGF 100 ng/mL
s
8
=3
st
Day 3 Day 5
..
D -
(D) = s0- .
g) *
g 60- :
' ——
= 40- I
g
 20-
+
S
T 0 .
W~ Control 20 50 100
VEGF (ng/mL)
VEGF (ng/mL)
0 20

FIGURE 2 VEGF promotes the proliferation of spinal cord-derived neurospheres in vitro. A, Different concentrations of VEGF promote
the formation of spinal cord-derived neurospheres. Scale bar represents 200 um. B, Average diameters of spheres cultured for 3 and
5d.P=0.023,0.0046, and 0.0071 for VEGF 20, 50, and 100 ng/mL, compared with control on day 3, respectively. P = 0.030, 0.013, and
0.0068 for VEGF 20, 50, and 100 ng/mL compared with control on day 5, respectively. Control group indicates O ng/mL VEGF. C, EdU
staining showing that VEGF promotes the proliferation of spinal cord-derived neurospheres. Scale bar represents 100 um. D, Quantification
of percentage of EdU" cells under different concentrations of VEGF. VEGF 100 ng/mL shows the highest percentage of EdU" cells

(P =0.00010). *P < 0.05 and **P < 0.01. E, VEGF promotes cyclin D1 expression in the neurospheres. The right shows the region in the red

box after secondary exposure
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proliferative state. Furthermore, cyclin D1, a cell cycle marker, was
significantly elevated in response to VEGF, indicating that the cells
in the neurospheres were activated (Figure 2E).

We further identified that the cells in the spinal cord-derived
neurospheres induced by VEGF had NSCs identities. As the sec-
ondary sphere reformation assay is usually used to identify NSCs,
we dissociated the neurospheres into single cells and continued to
culture them in suspension for 5 days. The observation that the sec-
ondary spheres presented larger diameters with increasing VEGF
concentrations might be because the secondary spheres were more
proliferative (Figure 3A,B). As 100 ng/mL VEGF was able to induce
NSCs proliferation more robustly than 20 and 50 ng/mL, we per-
formed subsequent experiments using 100 ng/mL VEGF. Next, we
identified the expression of NSCs markers, nestin, vimentin, and
BLBP (brain lipid-binding protein) in the neurospheres. The neuro-
spheres cultured with VEGF displayed similar expression patterns
of these NSCs markers as those in response to EGF combined with
bFGF, which was the classic culture method for NSCs (Figure 3C,D).

In addition, cells derived from the VEGF-cultured spheres could also

DAPI/Nestin/Vimentin

2‘:'...

w
(]
i
+
w
Q
w

VEGF (ng/mL)

(E) VEGF (ng/mL)

100

20 50

EGF+FGF

differentiate into Tuj1* neurons and GFAP* astrocytes, in accor-
dance with the differentiation potential of NSCs (Figure 3E). VEGF
could therefore serve as a growth factor to induce spinal cord NSCs

proliferation in vitro.

3.3 | Transactivation of EGFR by VEGF
promotes the proliferation of spinal cord NSCs

EGFR is a type of RTK, and it plays an important role in cell prolif-
eration. In the hippocampus, EGFR is extensively expressed in TAPs
(transit-amplifying precursors), which are considered the most rap-
idly proliferating cells in the brain.3® Previous studies have shown
that EGFR immunoreactivity is increased following ischemia caused
by brain injury.®’” In our study, we found that EGFR phosphorylation in
injured spinal cord tissue was also elevated after SCI (Supplementary
Figure S2). We speculated that VEGF could interact with EGFR to
promote spinal cord NSCs proliferation. To verify this hypothesis,
we first assessed the expression of EGFR in spinal cord NSCs in vitro.

The dissociated NSCs were seeded on cover slips precoated with

k-
(B) 400 - _
Sk ok
300+
—_—
200 4 —_

Average diamers of
neurospheres (um)

100 ~_.
0- T
Control 20 50 100

VEGF (ng/mL)
DAPI/Nestin/BLBP

—
=]
-

VEGF (ng/mL)

FIGURE 3 VEGF-induced spinal cord-derived neurospheres have self-renewal ability and differentiation potential similar to NSCs. A,
Neurospheres cultured for 5 d can form secondary spheres after being passaged in the presence of VEGF. Scale bar represents 100 um. B,
Average diameters of secondary spheres. VEGF 100 ng/mL shows the most proliferation compared with control (P = 0.0011). *P < 0.05 and
**P < 0.01. Control, 0 ng/mL VEGF. C and D, Neurospheres induced by VEGF express NSCs markers. Nestin (green); BLBP (red); vimentin
(red). Scale bar represents 200 um. E, Neurospheres induced by VEGF differentiate into Tuj1* neurons (green) and GFAP* astrocytes (green).
Scale bar represents 100 um. EGF + FGF group is used as the positive control in (C-E)
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PLL (poly-L-lysine) and starved for 3 days in serum-free medium to
inhibit the in-house phosphorylation of EGFR (pEGFR). On day 4, we
checked whether VEGF could stimulate EGFR phosphorylation, with
20 ng/mL EGF as the positive control. Immunofluorescence showed
that spinal cord NSCs expressed EGFR, and EGFR could be activated
into pEGFR by VEGF or EGF, 10 minutes for stimulation (Figure 4A).
Next, using western blotting, we further confirmed that VEGF could
induce EGFR phosphorylation (Figure 4B). We employed the pEGFR-
specific inhibitor gefitinib (ZD1839, 1 uM) to efficiently block EGFR
phosphorylation at tyrosine residues. Western blotting showed that
VEGF increased pEGFR levels, whereas gefitinib inhibited this effect,
even in the presence of VEGF (Figure 4C). These results confirmed
that VEGF could activate the phosphorylation of EGFR in spinal cord
NSCs. Next, we characterized the effects of gefitinib on spinal cord
NSCs proliferation. Compared with the VEGF group, the spheres
exhibited growth arrest and reduced average diameters in the pres-
ence of gefitinib or combined with VEGF (Figure 4D,E). These results
suggest that pEGFR induced by VEGF is essential for the prolifera-
tion of spinal cord NSCs.

3.4 | VEGEF transactivates the EGFR signal
through VEGFR2

VEGF has two receptors, VEGFR1 and VEGFR2. First, we deter-
mined the expression of VEGFRs in spinal cord NSCs. Our results
showed that spinal cord NSCs expressed VEGFR2 but not VEGFR1,
and that VEGFR2 could be activated when VEGF was added in
vitro (Figure 5A). In vivo results further validate the expression of
VEGFR2, but not VEGFR1 in central canal and VEGFR2 could also

(A)

Control

c
FIGURE 4 VEGF promotes the © DMSO

be phosphorylated after injury (Supplementary Figure S3). We
postulated that VEGF could activate EGFR through VEGFR2. As
expected, both 20 and 100 ng/mL VEGF could activate VEGFR2
and phosphorylate EGFR (Figure 5B). When the VEGFR2-specific
inhibitor cabozantinib (XL184, 1 uM) was added in our system, we
found that the phosphorylation of both VEGFR2 and EGFR was
inhibited (Figure 5C). The growth of spinal cord NSCs was also in-
hibited by cabozantinib (Figure 5D). Additionally, western blotting
results showed that EGFR phosphorylation was blocked under the
inhibitor gefitinib; however, phosphorylation of VEGFR2 was not in-
hibited (Supplementary Figure S4), and none of the inhibitors were
toxic to spinal cord NSCs survival (Supplementary Figure S5). These
results indicate that VEGF transactivates EGFR via the activation of
VEGFR2. Furthermore, VEGF-activated spinal cord NSCs expressed
nestin, Sox2, and Notch pathway targets Hes1 and Hes5, which en-
abled NSCs to self-renew. In contrast, the two inhibitors gefitinib
and cabozantinib resulted in the downregulation of these markers
in NSCs (Figure 5E). Taken together, our results demonstrate that
VEGF promotes the self-renewal of spinal cord NSCs through the
VEGFR2-EGFR axis.

Very little is known about the mechanisms of EGFR transactiva-
tion by VEGF. Calcium signaling was reported to play an important
role in EGFR transactivation.?° Thus, we investigated whether cal-
cium signaling was involved in the transactivation of EGFR by VEGF
in NSCs activation. We used the calcium-chelating agent EGTA to
deplete intracellular calcium. As expected, EGTA blocked EGFR
transactivation induced by VEGF and the pEGFR downstream pErk
signal, whereas VEGFR2 was still activated (Figure 5F). Moreover,
VEGF could induce the release of calcium signals, and EGTA
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FIGURE 5 VEGFR2-EGFR signaling
maintains the self-renewal ability of
spinal cord NSCs. A, Spinal cord NSCs
express VEGFR2 but not VEGFR1 in vitro.
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inhibited the proliferation of spinal cord NSCs significantly in vitro
(Supplementary Figure S6). These results indicate that the transac-
tivation of EGFR by VEGEF is likely mediated by calcium signaling.

3.5 | VEGEF activates spinal cord NSCs by VEGFR2-
EGFR signaling in vivo

To test the effects of VEGF on spinal cord NSCs in vivo, we injected
VEGF into the rat spinal cord (at the same site as the previously de-
scribed injections, n = 30) using a 25-G needle at 45° to the spinal
cord (Figure 6A). The proliferative effects of VEGF may be concealed
by robust NSCs activation after SCI. Here, we performed injection
model because injection induced less NSCs activation than SCI. On
day 3 after the injection, we found that the VEGF injection group
had a higher number of activated NSCs (nestin*/Ki67") in the cen-
tral canal than the control group (injection of PBS and DMSO) and
inhibitors-treated group; in addition, few nestin® NSCs could be ob-
served when a pVEGFR2 or pEGFR inhibitor was used together with
VEGF, and injection induced a few NSCs activation in control group
(Figure 6B). We then assessed the levels of pEGFR and pVEGFR2
around the injection regions. Our results showed that VEGF injec-
tion induced the phosphorylation of EGFR and VEGFR2 in the in-
jection site (Figure 6C,D). By contrast, pVEGFR2 and pEGFR were

blocked by their specific inhibitors, and the number of nestin® NSCs
was diminished in the presence of pVEGFR2 or pEGFR inhibitors
(Figure 6C,D). Our results imply that VEGF activates endogenous
spinal cord NSCs through VEGFR2-EGFR signaling in vivo.

We demonstrated that VEGFR2-EGFR signaling is important for
the activation of spinal cord NSCs; therefore, we aimed to investi-
gate its effects on NSCs activation after severe SCI. We found that,
after severe SCI, intraspinal injection of gefitinib and cabozantinib
(both at 75 mg/kg) inhibited spinal cord NSCs activation around
the injection site and in the central canal, where spinal cord NSCs
typically aggregated (Figure 6E). These results demonstrate that
VEGFR2-EGFR signaling is essential for the SCl-induced activation
of spinal cord NSCs.

4 | DISCUSSION

The adult CNS is considered relatively static, with little cell turnover. It
has been established that spinal cord NSCs can be activated in response
to injury, although very little is known about the mechanisms involved
in this process. Our results provided evidence of possible mechanisms
of NSCs activation after injury and demonstrated that VEGF-VEGFR2-
EGFR axis is important for SCl-induced NSCs activation.
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FIGURE 6 VEGEF activates spinal cord NSCs through VEGFR2-EGFR signaling on day 3 after injection in vivo (n = 5 rats/group). A, Model
of the spinal cord intraspinal injection. The needle is about 25 gauge, at a 45° angle to the spinal cord (see Materials and Methods). The
zigzag region indicates the injection site (T8-T9). B, Injection of cabozantinib and gefitinib decreases the number of nestin*/Kié7" spinal cord
NSCs in the central canal. Injection of combination of PBS and DMSO as control. The results show that injection induced NSCs activation in
central canal. Scale bar represents 200 um. C, Nestin (green) and pEGFR (red) staining at the site of injection. Scale bar represents 100 pum.
D, Nestin (green) and pVEGFR2 (red) staining at the site of injection. Scale bar represents 100 um. A number of activated NSCs aggregate
around the injection site (B-D). E, Cabozantinib and gefitinib reduce nestin/Kié7" NSCs after SCI. Left, whole spinal section. Right, central
canal; dpi, days postinjury. Nestin (green), Kié7 (red). Scale bar represents 500 um in left and 200 um in right panel

4.1 | Driving force of spinal cord NSCs activation
after injury

SCI first destructs the vascular system and rapidly generates
hypoxic conditions, which favor CNS neurogenesis and patho-
genesis.8 For instance, hypoxia favors radial glia expansion and
induces Musashi-1 expression, which activates endogenous NSCs
in brain injury.23® Importantly, VEGF can be easily induced by
hypoxia and expressed in adult NSCs, and promotes NSCs prolif-
eration through MEK/ERK- and PI3K/Akt-dependent signaling in
hippocampus,39 However, the roles of VEGF in spinal cord NSCs
activation after SCI are not well studied. Our in vitro experiments
demonstrated that VEGF maintained spinal cord NSCs prolifera-
tion and differentiation into neurons and astrocytes, although
we failed to detect expression of the oligodendrocyte marker O4
under our routine differentiation protocol, because some addi-

tional essential supplements should be added to the medium to

induce oligodendrocyte differentiation.*® In vivo, VEGF injection
into the spinal cord activated NSCs, whereas inhibitors of VEGFR2
decreased NSCs activation after SCI.

In all, our results illustrate that hypoxia and VEGF may act as

driving force of NSCs activation after injury, at least to some extent.

4.2 | VEGF activates EGFR signal through VEGFR2

Our results showed VEGF activated EGFR signal through VEGFR2.
Primarily we supposed that VEGF promoted the expression and se-
cretion of EGF (epidermal growth factor) to activate EGFR. We cul-
tured spinal cord NSCs under VEGF-containing medium for 3-5 days
in vitro and checked the density of EGF in the supernatant by EGF
ELISA. The results showed no EGF secretion by VEGF (data not
shown), implying spinal cord NSCs cultured by VEGF cannot activate
EGFR through EGF. Further studies such as interactions between
VEGFR2 and EGFR were needed.
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Previous studies have demonstrated many pathways involved in
EGFR transactivation, often focusing especially on calcium signal-
ing in neurons.?’ Our results also demonstrate that calcium signal-
ing may be involved in EGFR transactivation via VEGF. Calcium is a
secondary messenger in cell signal transduction, and it might trigger
other intracellular signaling cascades that are beneficial for NSCs
proliferation. Further investigation is needed to explore whether

other pathways are also involved in the transactivation of EGFR.

4.3 | NSCs activation after SCI involves other
signals and our in vivo results provide insights for
mechanisms of the spinal cord NSCs activation
after SCI

The presence of a small number of NSCs under gefitinib or cabo-
zantinib in vivo indicates that other signals may also be involved in
the activation of spinal cord NSCs mediated by the VEGF-VEGFR2-
EGFR signal (Figure 6). In our results, the group that received ge-
fitinib combined with VEGF generated a slightly higher number of
NSCs than the gefitinib-only group, indicating that VEGF-induced
activation of NSCs may not be solely dependent on the pEGFR sig-
nal. Gefitinib had very weak inhibitory effects on pVEGFR2, but
cabozantinib could block pEGFR, indicating that pEGFR was a down-
stream effector of VEGF-VEGFR2 signaling. Nevertheless, transacti-
vation of EGFR might not only be controlled by VEGF, and EGFR may
not be the unique stimulator of spinal cord NSCs activation after
injury; other possible stimulators include EGF and FGF may con-
tribute to NSCs activation, for example. It is worth investigating the
other signals involved in activating NSCs after SCI. Discovering the
mechanisms of NSCs activation after injury may help us to further

understand the behavior of endogenous spinal cord NSCs.

4.4 | Ourresults provide a possible strategy for
spinal cord injury repair after SCI

Spinal cord injury is devastating owing to the loss of local axons and
local glial cells. If we could induce endogenous NSCs to proliferate
and differentiate into neural cells, they could perhaps contribute
to improved functional recovery after SCI. Endogenous NSCs have
some advantages over exogenous cell transplantation. Endogenous
NSCs avoid detrimental immune responses, bypass feasibility prob-
lems of obtaining graftable cells, and circumvent ethical issues.
When there is NSCs transplantation within 24 hours after an injury,
a small number of the grafted cells survive owing to the inflamma-
tory response. Our results showed expression of VEGF peaked on 3
dpi and then decreased on 7 dpi, implying prolonged VEGF expres-
sion may activate more endogenous NSCs. Furthermore, drugs-tar-
geted EGFR promoted SCI recovery and our results showed EGFR
signal is important for NSCs activation, indicating the importance of
optimal administration time of drugs. In all, our study is instructive
because of manipulation of the activation of spinal cord NSCs, thus
maximizing the endogenous NSCs contributions to SCI repair, and it

may have therapeutic potential in the future.

5 | CONCLUSION

In our study, we found spinal cord NSCs could be activated after
SCI. During the process, we noticed SCl-induced hypoxia condi-
tion which promoted VEGF expression. In vitro we demonstrated
VEGF could promote spinal cord NSCs proliferation through
VEGFR2-EGFR signal. The specific inhibitors of VEGFR2 and EGFR
blocked NSCs proliferation. In vivo, VEGF injection into spinal cord
T8-T9 activated more nestin® NSCs, and inhibitors of VEGFR2 and
EGFR decreased NSCs activation after SCI. Our study provides a
new insight in mechanism of SCl-induced NSCs activation and is
instructive for handling endogenous NSCs which are promising on
SClI therapy.
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