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Vascular endothelial growth factor (VEGF) is a secreted mitogen associated with angiogenesis and re-
vascularization of spinal cord injury (SCI). VEGF has long been thought to be a potent neurotrophic
factor for the survival of spinal cord neuron. However, the neuroprotective mechanism of VEGF is still
unclear. The aim of this study was to investigate the effect of VEGF on spinal cord injury and its
mechanisms. Young male Wistar rats were subjected to SCI and then VEGF;¢5 were injected directly into

5‘;%"‘;”‘15" the lesion epicenter 24 h post injury. We detected Basso, Beattie and Bresnahan (BBB) scores and
Autophag numbers of motor neuron via Nissl staining. The expressions of autophagy related protein Beclin1 and
TNF-o. v LC3B were determined by Western blot and RT-PCR. We also detected the contents of inflammation

factors interleukin-1f (IL-1pB), tumor necrosis factor alpha (TNF-a) and interleukin-10(IL-10) in LPS
(Lipopolysaccharide) treated spinal neuron-glia co-culture by ELISA. We found that VEGF;g5 adminis-
tration increased the BBB score and reduced the loss of motor neuron of rats induced by SCI. VEGF
decreased the protein expressions of IL-1f, TNF-a and IL-10 and up-regulated the expressions of Beclin1
and LC3B of rats. In the in vitro study, VEGFig5 decreased the levels of IL-1f, IL-10 and TNF-a in the
medium of LPS treated spinal neuron-glia co-culture, which was partially blocked by 3-MA, the inhibitor
of autophagy. In addition, VEGF;g5 up-regulate the expressions of Beclin1 and LC3B in co-culture cells.
The results suggested that VEGFig5 attenuated the spinal cord injury by inhibiting the inflammation and
increasing the autophagy function.

Spinal cord injury

© 2015 Published by Elsevier Inc.

1. Introduction

The pathophysiology of acute spinal cord injury (SCI) involves
primary and secondary mechanisms of injury [1]. Secondary injury
mechanisms include ischemia, vascular changes, electrolyte disor-
ders, inflammation, edema and loss of energy metabolism [2]. The
secondary inflammation and vascular disruption of spinal cord
tissue after SCI was critical for the survival of motor neuron and
functional recovery [3].

Vascular endothelial growth factor (VEGF) is a secreted mitogen
associated with angiogenesis by binding to the VEGFR1 or VEGFR2
[4]. The VEGF isoforms such as 121,165,189 were detected in human
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and 120,164,188 in mice. Although VEGF isoforms play important
roles in the development of vascular network, it independently
works on neuron to guide neurogenesis [5], axon growth [6—8],
synaptic plasticity and dendrite patterning [9,10]. VEGF defense
motoneurons from insults free radicals [11], hypoxia/hypoglycemia
[12], glutamate-excitotoxicity [13,14] and thus plays important role
in the recovery of SCI.

Autophagy is activated to clear cytoplasmic components and
to stabilize the microenvironment by sequestrating and digesting
in autophagosomes after SCI. Autophagy protects neurons from
degradation and inhibiting autophagy advanced neuro-
degeneration [15]. Autophagy protects neurons from infection and
degradation which may arbiter neuron cells death or survival [16].
The present study was to observe the effect of VEGF on spinal cord
injury. We found that VEGF attenuated the spinal cord injury by
inhibiting the inflammation and increasing the autophagy
function.
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2. Methods and materials
2.1. Acute spinal cord injury model

Adult male Sprague—Dawley rats (250—300 g) were purchased
from Capital Medical University (Beijing, China). All animals were
housed in standard temperature conditions with a 12 h light/dark
cycle and regularly fed with food and water. Following 10% chloric
hydras (3 ml/kg, i.p.) anesthesia, rats were positioned on a cork
platform. Incision the skin to expose the vertebral column and to
perform a laminectomy carried out at the T9 level. A contusion was
induced by a self-made weight-drop device in the spinal cord
corresponding to the T9 spinous process, centering at the posterior
median spinal vessels. The striking force was 25 x 3 g*cm: the iron
stick was 25 g in weight and 3 cm in bottom diameter, the dropping
distance was 3 cm, and the time of contact with the dura mater was
0.1 s. During the surgery, the body temperature was maintained at
36.0—37.0 °C by incandescent lamp exposure. After injury, the
wound was closed.

2.2. Neuron/glial co-cultures

The co-culture mixed glia cells (astrocyte and microglia) were
extracted from spinal cords of Sprague—Dawley rat pups(<48 h),
the tissue was isolated under the microscope and soaked in 0.1 M
phosphate-buffered saline (PBS) (pH 7.4) with 0.6% glucose.
Co-cultured cells were played on poly-pL-lysine (30—70 kDa, Sig-
ma—Aldrich, St. Louis, MO, USA) coated glass coverslips of 24-wells
at a density of 5 x 10% cells/well in high glucose Minimum Essential
Medium (MEM) containing GlutaMaxTM supplemented with 10%
fetal bovine serum, 25 mg/ml penicillin/streptomycin (GIBCO). The
cells were cultured for a week at 37 °C and exchange medium
regularly. Then, embryos were removed from pregnant rats on the
17th or 18th gestational day by cesarian section. Cells were disso-
ciated from embryo spinal cords as described above. Neurons
(2.5 x 10%/well) were plated on astrocyte/microglia monolayer and
the cultures were maintained with regular MEM. All cells were
grown at 37 °C and in 5% CO,. Most of the experiments were
performed on 16—20 days in vitro cultures.

2.3. Drug administration

The animals were randomly assigned into 3 groups (5 rats per
group). Sham group: rats received laminotomy alone; SCI group:
rats received SCI and micro-injection of 1.5 pul of 1 x PBS; VEGF
group: rats received SCI and micro-injection of human recombi-
nation VEGFyg5 (4ug/ml; R&D Systems) in 1.5 pl of 1 x PBS into the
spinal cord at 24 h post injury. Drugs were injected right at the
injured site 1.2 mm into the spinal cord at the rate of 0.5ul/min.
Drugs were given for continuous three days.

Neuron-glia co-culture cells were treated with 100 ng/ml of
VEGF and 3-MA (5uM) 4 h prior to stimulation with LPS (100 ng/
ml) , at 24 h later, supernatants in the medium were collected for
detection.

2.4. Nissl staining

Spinal cord slices were incubated at 60 °C for 30 min, then
cooled, cleared with xylene for 2 x 5 min, dehydrated with 100%,
95%, 90%, 85% ethanol each for 5 min, with 80%, and 70% ethanol
each for 3 min. Then slices were rinsed with distilled water for
1 min, stained with cresyl violet dye in an oven at 37 °C for 30 min,
rinsed with water for 8 min, and rapidly separated with 95%
ethanol. Then sections were incubated in anhydrous alcohol and
xylene for 2 x 5 min. Slices were mounted with neutral gum.

2.5. Western blot and ELISA analysis

Co-cultured cells and spinal cords encompassing the injury site
were collected and lysed with RIPA buffer with PMSF (Beyotime
Biotechnology, China). The lysates were centrifuged at 12,000 g for
20 min at 4 °C. The samples were separated by SDS—PAGE and
transferred to the PVDF membranes. After incubating with primary
antibodies overnight at 4 °C and secondary antibodies for 1 h at
room temperature, the bands were visualized by an ECL detection
system (Pierce Chemical, Rockford, IL, USA) and quantified by
Image ] software (NIH, Bethesda, MD). Primary antibodies used are
as follows: Beclinl (1:1000; rabbit IgG, 1:1000; Cell Signaling,
Danvers, MA.); LC3B (rabbit IgG, 1:1000; Abcam, Cambridge, UK.);
B-actin (rabbit IgG, 1:2000; Santa Cruz Biotechnology, Santa Cruz,
CA).

After 24 h in the co-cultures, 20 pl conditioned medium was
harvested for IL-1f, IL-10, TNF-o. were measured using respective
ELISA kit according to the manufacturer's instructions and analyzed
by microplate reader (Dynex Technology, Chantilly, VA, USA).

2.6. RNA extraction and reverse transcription-polymerase chain
reaction (RT-PCR) analysis

Spinal cord tissues were collected from rats in each group, total
mRNA were extracted from the injury sites using the Trizol reagent
protocol (TianGen), and Beclin1 and LC3B expression was investi-
gated using the OneStep RT-PCR kit according to the manufacturer's
protocol. f-actin was used as an internal reference cDNA synthesis
was carried out at 50 °C for 30 min, and the PCR conditions were as
follows: 30 cycles of denaturation at 94 °C for 1 min, annealing at
60 °C for 1 min, and extension at 72 °C for 1 min and one cycle of
final extension. The primers used were as follows: Beclin1 forward:
5-GAA CCG CAA GAT AGT GGC-3', reverse: 5'-CAG AGC ATG GAG
CAG CAA-3'; LC3B forward: 5-GAG CAG CAT CCA ACC AAA-3/,
reverse: 5-CGT CTC CTG GAG GCA TA-3' and f-actin forward: 5'-
AGCTACGAGCTGCCTGACG-3/, reverse: 5'-GCATTTGCGGTGGACGAT-
3’; PCR products were separated by gel electrophoresis and
visualized by staining with ethidium bromide and visualized under
UV light.

2.7. Immunofluorescence Staining

Cells were fixed with 3.7% formalin containing 0.1% Triton X-100
in PBS for 10 min at room temperature. The coverslips were incu-
bated with blocking buffer (PBS containing 5% goat serum, 3%
bovine serum albumin, 0.1% Triton X-100) for 30 min at room
temperature. Primary antibodies were diluted in blocking buffer
and incubated with the cells at room temperature for 2 h. Primary
antibody used in this study was: anti-LC3B (Rabbit IgG, 1:500;
Abcam, Cambridge, UK.). Cells were washed for 4 x 10 min at room
temperature and then incubated with Alexa Fluor 594/647 FITC
goat-anti-rabbit secondary antibody at a dilution of 1: 400 for 2 hat
room temperature. The glasses were rinsed three times with PBS
and incubated with medium containing DAPI (Vector Laboratories)
for 15 minutes to counterstain the nuclei. All images were captured
on Leica DMI4000B microscope (Leica Microsystems, Wetzlar,
Germany).

2.8. Statistical analysis

Data are expressed as the mean + SEM by SPSS17.0. Two
experimental groups were determined by Student's t-test. When
more than two groups were compared, one-way analysis of vari-
ance (ANOVA) and Dunnett's post hoctest was used to evaluate the
data. P values <0.05 were considered statistically significant.
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3. Results
3.1. VEGF promotes functional neurobehavioral recovery after SCI

All rats had normal limb function with a BBB score of 22 before
SCI. There was no locomotor dysfunction in rats from sham surgery
group with a BBB score of 22 throughout the study. Serious hind
limb locomotor dysfunction (complete paralysis) was found in rats
after SCI alone, which was significantly improved by VEGF treat-
ment (p < 0.05) at day 1, day 7, and day 21 post SCI (Fig. 1A). The
results suggested that VEGF improves the dysfunction caused by
SCI.

3.2. VEGF decreases motor neuron loss and reduces cavity area

The effect of VEGF on motor neurons in SCI was investigated
using Nissl staining at day 7 after contusion. SCI rats showed great
loss of large anterior horn cells compared with the Sham group.
VEGEF significantly preserved motor neurons in the anterior horns
of rats (Fig. 1B, C and D). VEGF treatment significantly improved
numbers of motor neuron compared with SCI group (Fig. 1E). Spinal
cords from VEGF treated rats exhibited a greater extent of spared
tissue up to 2 mm rostral and caudal to the injury epicenter (Fig. 1F).
This experiment revealed an overall significant improvement in
tissue preservation in the VEGF treated group.

3.3. VEGF attenuates inflammation response and up-regulates
Beclinl and LC3B in SCI rats

VEGF administration decreased the expression of inflammation
factors IL-1B, IL-10 and TNF-a at 7D after SCI by Western blot
(Fig. 2A) (p < 0.05). We also detected autophagy related protein
Beclin1 which initiates the formation of autophagosomes and the
microtubule-associated protein light chain 3B (LC3B), one of the
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main autophagy marker. Protein and mRNA expressions of Beclin1
were significantly higher in SCI group than Sham group (P < 0.05),
which was further increased by VEGF treatment (P < 0.05). LC3B
expression was higher in SCI group than Sham group at levels of
protein and mRNA, which was enhanced after VEGF treatment
(P < 0.05) (Fig. 2E, H).

3.4. VEGF reduces the levels of cytokines in spinal neuron-glia
co-culture treated by LPS

To confirm its protective effect, we tested the effect of VEGF on
primary neuron-glia co-cultured response to LPS exposure. The
protein contents of IL-1B, TNF-a and IL-10 were significantly
increased in the medium of neuron-glia co-culture treated with
LPS. VEGF significantly reduced the contents of IL-18, TNF-o. and
IL-10 compared with LPS group, which was partially blocked by
3-MA (Fig. 3A, B and C).

3.5. VEGF up-regulates the expression of Beclinl and LC3B of
neuron-glia co-cultured cells treated by LPS

The results showed that protein expressions of Beclinl in
neuron-glia co-culture were significantly higher in LPS group than
control group (P < 0.05), which was further increased by VEGF
treatment (P < 0.05). LC3B expression was higher in LPS group than
control group, which was enhanced after VEGF treatment (P < 0.05)
(Fig. 4A). Immunofluorescence staining showed that VEGF treat-
ment significantly increased expressions of LC3B at 1D in neuron-
glia co-cultured cells in LPS induced toxicity (Fig. 4D).

4. Discussion

Large amount of studies have revealed that administration of
VEGF to the injured spinal cord has neuroprotective effects, induces
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Fig. 1. VEGF promotes functional neurobehavioral recovery after SCI (A)VEGF treatment group obtained a significantly higher BBB score in comparison to SCI group (p < 0.05) at 7
days, 21days and 60days. #p < 0.05 SCI + VEGF versus the SCI group. Nissl staining of motor neuron in large anterior horn in the Sham group(B), SCI group(C) and SCI + VEGF
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angiogenesis and improves neurobehavioural outcomes [17—19].
The aim of this work was to elucidate the protective role of VEGF in
SCI by examining the inflammation response and autophagy
changes. A better understanding of the effects of VEGF on auto-
phagy in SCI will provide a new perspective to treat SCI. Our study
showed a single micro-infusion of VEGFyg5 reduced inflammation
response and increased the expressions of Beclin1 and LC3B at early
stage in SCI. VEGF treatment also reduced inflammation response
which was partially reversed by 3-MA. VEGF increased the auto-
phagy related proteins in neuron-glia co-cultured cells treated by
LPS. Taken together, these data suggested that the neuronal pro-
tective role of VEGF may be at least partly attributed to the acti-
vation of autophagy and the decrease in the inflammation
response.

Immediately after injury, neutrophils are recruited from the
circulation and CNS glia (astrocytes and microglia) are activated
within the first 24 h after SCI [20,21]. The release of pro-
inflammatory cytokines attract inflammatory cells move toward
the injury site to remove damaged tissues [22,23]. Expression of the
pro-inflammatory markers IL-6, IL-18, TNF-a. and IL-12 increases
acutely in response to SCI [24,25], the inflammatory response leads
to a release of vasoactive mediators, such as IL-1f, leading to BSCB
disruption [26]. Evidence suggests that the endothelium transport
systems may be modified due to SCI demonstrated by the upre-
gulation of the specific transporter for TNF-a, [27]. Our results show
that IL-1B, TNF-a and IL-10 were up-regulated after SCI, however,
VEGF significantly decreased the expressions of IL-18, TNF-o and IL-
10. In vitro study, cytokines in the medium of co-cultured cells
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significantly increased treated by LPS, pretreated with VEGF
significantly decreased the level of IL-1f, TNF-a. and IL-10. However,
it was reversed when treated by 3-MA, the autophagy inhibitor
(Figs. 2 and 3).

The disruption of vascular injures in SCI leads to tissue ischemia
and edema, causing neuronal death and break off the tracts [28].
VEGF promotes the condensation of endothelial cells (ECs) into
blood vessel termed vasculogenesis [29,30] and promotes neutrite
extension in spinal cord. VEGF enlarged neuron cell bodies and
extended dentrites by increasing MAP2 expression,the marker of
neurons [31]. After SCI, VEGF was upregulated in astrocytes and
immune cells [32]. However, consistent down-regulation of VEGF
was found in the injured tissues during the first four weeks after
injury [33,34]. VEGFR-1 and VEGFR-2 were found expressed in
neurons and astrocytes, and subsequent up-regulation in micro-
glia/macrophages and reactive astrocytes were discovered at the
injured site [35]. We use a 24 h delayed intervention strategy after
SCI because studies using acute applications exhibit unfavorable
effects of VEGF exacerbates secondary damage of SCI [36]. Our data
shows that VEGF treatment significantly improved BBB score of SCI
rats and decreased motor neuron loss and improved the spared
areas of white matter (Fig. 1).

Autophagy has been shown to be increased after SCI. The lipi-
dated active form of LC3 (LC3B) becomes inserted into the inner and
outer membranes of the phagophore and the autophagosome until
its fusion with the lysosome. LC3 regulates autophagosome devel-
opment and is used extensively as an autophagosome marker.
Beclinl plays important role in promoting autophagy through
binding to a bcl-2-interacting protein. Autophagy may serve as a

protection against apoptosis in mechanically-injured spinal cord
neurons through mTOR signaling or enhancing Beclin-1 expression
[37]. Autophagy is critical for limiting cell growth and promoting
cell survival in times of stress [38]. Autophagy promotes survival of
EPCs by inhibiting apoptosis in hypoxia and promotes proliferation
and differentiation of EPCs which is critical for angiogenesis of the
ischemic tissue [39]. Autophagy induction and inhibition was
correlated with VEGF-mediated angiogenesis [40]. Although the
primary role of autophagy is to protect cells, it paradoxically can
also have arole in cell death [41]. Our work confirms the notion that
VEGF treatment activated autophagy related protein Beclin1 and
LC3B and decreased the inflammation response after the injury.
In vitro study, VEGF increased expression of autophagy related
protein Beclin1l and LC3B and decreased the inflammation factors
IL-1P, TNF-a and IL-10 (Fig. 4).

The present study showed that VEGF administration increases
the autophagic flux and attenuates inflammation response in the
in vivo and in vitro studies. This finding may reveal a new molecular
basis for VEGF neuroprotective roles, and may provide a novel
approach to treat SCI.
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