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After complete transection of the thoracic spinal segment, neonatal rats exhibit

spontaneous locomotor recovery of hindlimbs, but this recovery is not found in adult

rats after similar injury. The potential mechanism related to the difference in recovery

of neonatal and adult rats remains unknown. In this study, 342 animals were analyzed.

The vascular endothelial growth factor (VEGF) level in spinal segments below injury sites

was significantly higher in postnatal day 1 rats (P1) compared with 28-day-old adult

rats (P28) following a complete T9 transection. VEGF administration in P28 rats with

T9 transection significantly improved the functional recovery; by contrast, treatment with

VEGF receptor inhibitors in P1 rats with T9 transection slowed down the spontaneous

functional recovery. Results showed more neurons reduced in the lumbar spinal cord

and worse local neural network reorganization below injury sites in P28 rats than those in

P1 rats. Transynaptic tracing with pseudorabies virus and double immunofluorescence

analysis indicated that VEGF treatment in P28 rats alleviated the reduced number of

neurons and improved their network reorganization. VEGF inhibition in neonates resulted

in high neuronal death rate and deteriorated network reorganization. In in vivo studies,

T9 transection induced less increase in the number of microglia in the spinal cord

in P1 animals than P28 animals. VEGF treatment reduced the increase in microglial

cells in P28 animals. VEGF administration in cultured spinal motoneurons prevented

lipopolysaccharide (LPS)-induced neuronal death and facilitated neurite growth. Western

blots of the samples of lumbar spinal cord after spinal transection and cultured spinal

motoneurons showed a lower level of Erk1/2 phosphorylation after the injury or LPS

induction compared with that in the control. The phosphorylation level increased after

VEGF treatment. In conclusion, VEGF is a critical mediator involved in functional recovery

after spinal transection and can be considered a potential target for clinical therapy.
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INTRODUCTION

Complete spinal cord injury (SCI) causes devastating
neuronal destruction, axonal contact disruption, progressive
demyelination and, consequently, complete dissection of the
descending motor control pathways below the injury site.
Failure of axon regeneration after injury is highly related to the
non-permissive local environment in the adult central nervous
system (CNS; Mukhopadhyay et al., 1994; GrandPré et al.,
2000; Wang et al., 2002; Sivasankaran et al., 2004; Liu et al.,
2011; Andrews et al., 2012; Lang et al., 2015). However, several
studies have provided evidence that spontaneous regeneration
through the lesion site may restore the significant recovery of
locomotor function in neonatal rats receiving complete spinal
cord transection (ST; Hase et al., 2002a,b; Tillakaratne et al.,
2010). For instance, Wakabayashi et al. reported a positive
correlation between the number of labeled neurons in each
of the supraspinal nuclei and the locomotor performance of
the neonatal rats that underwent a complete ST (Wakabayashi
et al., 2001). By contrast, some investigators have indicated the
lack of signs of regeneration in the transection site by either
anterograde or retrograde tracing; this finding indicates that
the regaining of some hindlimb functions in neonatal rats may
be due to changes in the lumbosacral neuronal circuitry after
complete ST, rather than the regeneration of axons across the
lesion (Bernstein et al., 1981; Tillakaratne et al., 2010; Yuan
et al., 2013). In addition, studies on retransection have provided
functional evidence for the shortage of regeneration in the lesion
site after neonatal ST, and the lumbosacral neuronal circuitry is
confirmed as the structure of functional restoration (Yuan et al.,
2013). Furthermore, neuronal death at the primary lesion site
and in remote regions is one of main contributors to neurological
deficits after SCI (Bisicchia et al., 2016). Thus, it is necessary to
promote neuronal survival and significant functional recovery
after SCI.

Studies on human and animal models have revealed that
functional recovery can be spontaneously regained in SCI
due to neuronal survival and intrinsic plasticity in the spinal
circuitries that control hindlimb locomotor activity below the
lesion (Tillakaratne et al., 2010; Willerslev-Olsen et al., 2015). An
increasingly lines of evidences have indicated that the expression
levels of cleaved caspase-3 and the proportion of TUNEL-positive
cells in the spinal cord are reduced; moreover, motor neuronal
survival in the spinal cord ventral horn is enhanced and the
locomotor function of rats is improved after SCI (Chen T. et al.,
2017; Shen et al., 2017). The RhoA signal may be a significant
therapeutic target for enhancing neuronal survival, promoting
axon regeneration and improving functional recovery after SCI
(Hu and Selzer, 2017). Engraftment of hESC expressing BDNF
and GDNF significantly rescues avulsed motoneurons, preserves
synaptic covering and reduces astroglial reactivity at the lesion
site in rats (Araújo et al., 2017). In the Zebrafish embryo,
neuronal survival and growth are influenced by trophic factors
(such as insulin-like growth factor-1), which could be attributed
to the PI3 Kinase/Akt signaling pathway (Chen S. et al., 2017).
In addition, m-TOR and MAPK signals participate in neuronal
survival and functional recovery after SCI (Zhou et al., 2016).

Therefore, mechanisms underlying neuronal survival within
the lumbar spinal cord and locomotor recovery of hindlimbs
are very complex after complete ST. In comparison with that
in developing CNS, which possesses a transient local micro-
environment, nerve regeneration in response to injury is more
difficult in adult CNS because of its difficulty in rebuilding
an appropriate local microenvironment (Hwang et al., 2014;
Qi et al., 2014; Zhang et al., 2014; Keefe et al., 2017). Some
differential signaling molecules between the neonatal and mature
local microenvironments after ST may be the critical factors
that promote the recovery of motor function for repairing adult
neural cells.

Vascular endothelial growth factor (VEGF) is a mitogen-
activated protein that participates in the formation of new blood
vessels and in cellular processes, such as proliferation, growth,
and survival. However, the role of VEGF in neural survival
and repair remains poorly understood. VEGF is important for
neurogenesis and neuroprotection in the pathogenesis of stroke,
Alzheimer’s disease and motoneuron diseases (Greenberg and
Jin, 2005). The enhanced expression of VEGF participates in
the VEGF–Nrp1 signaling axis and improves motor function
in CMT2D mice; CMT2D mutations alter the conformation of
GlyRS, enable GlyRSCMT2D to bind to the neuropilin1 (Nrp1)
receptor, and competitively interferes with the binding of the
cognate ligand VEGF to Nrp1 (He et al., 2016). In a previous
work, VEGF increased the BBB score, reduced the loss of
motoneurons and down-regulated the expression levels of IL-
1β, TNF-α, and IL-10 in rats that underwent SCI (Wang et al.,
2015). Several signaling pathways, such as PI3K/Akt, Erk/MAPK,
VEGF/SphK, JNK, and p38 MAPK pathways may be involved in
the neuroprotective and nerve regenerative processes of VEGF
(Khaibullina et al., 2004; Benedito et al., 2012; Lee et al., 2014;
Bhuiyan et al., 2015).

In this study, we propose that VEGF is a key mediator in
rats after complete ST and leads to different recovery levels
in neonates and adults by regulating inflammatory responses,
protecting damaged neurons, and promoting reestablishment of
spinal neural circuits.

MATERIALS AND METHODS

Animals
All surgical procedures for rats were approved by the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health. Experimental protocols were performed
according to the Laboratory Animal Ethics Committee of
Jinan University (Permit Number: 20111008001). P1 and P28
female Sprague Dawley rats were supplied by Guangdong
Medical Laboratory Animal Center and used in this study
(n = 342). All animals were kept on a 12/12 h light/dark
cycle and given ad libitum access to food and water. The
animal holding areas constantly monitored, and the temperature
and humidity were maintained at 21 ± 2◦C and at 44 ± 2
pw, respectively. Anesthetic procedures were used to ensure
that animals would not suffer unduly during and after the
experimental procedures.
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Surgical Procedures for Complete ST
P1 rats were anesthetized under deep hypothermia, and P28
rats were anesthetized with 1% pentobarbital sodium (40 mg/kg,
i.p.) by using previously described methods (Yuan et al., 2006,
2013; Zeng et al., 2015). A posterior mid-line incision was
made to expose the lower thoracic spine. Laminectomy was then
performed to expose the T9 spinal cord, and the dura was cut
vertically with a pair of microforceps and microscissors. A 2 mm-
long segment of the spinal cord at the T9 level was completely
removed using angled microscissors (this procedure was not
applied in the sham groups). The cut ends of the cord were
lifted to confirm the completion of transection and the success
of the SCI experimental procedures. The surgical incisions were
sutured. Post-surgical animals were placed on a heating pad at
37◦C to facilitate their recovery from anesthesia and surgery.
After recovery from surgery, P1 pups were housed with their
mothers, and adult animals were housed in individual cages.
The adult animals then received postoperative cares, including
intramuscular injection of penicillin (50,000 U/kg/d) for 3 d and
manual emiction two or three times daily until reestablishment
of the automatic micturition function. These steps were not
required in surgical P1 pups and sham-operated animals. All
animals were monitored and studied for up to 2 months after the
surgery. All procedures were approved by the Jinan University
of Science and Technology’s Center of Institutional Animal Care
and Use Committee.

Recombinant VEGF
Recombinant VEGF (CYT-241; ProSpec-Tany TechnoGene
Ltd., Ness Ziona, Israel) was dissolved in 0.01M phosphate
buffered saline (PBS) at pH 7.4 according to the manufacturer’s
instructions. VEGF was used for cell culture and animal
experiments.

Treatment and Grouping
P1 rats were randomly assigned to three groups: (1) sham control
(only laminectomy), (2) complete ST + PBS, and (3) complete
ST + inhibitor (10 nM S3, S3012). The P1 + inhibitor group
were injected intraperitoneally with 10 nM pazopanib once daily
for 7 d after injury. P28 rats were randomly divided into three
groups: (1) sham control (only laminectomy), (2) complete ST
+ PBS, and (3) complete ST + 0.4 nM VEGF (Herrera et al.,
2009). The treatment groups were injected intraperitoneally
with recombinant VEGF once daily for 7 d after the surgery.
The postoperative survival period was 2 months. The numbers
of animals used in each experimental set are summarized in
Supplementary Table 1.

Cytokine and Chemokine Analysis
P1 and P28 surgical rats were killed with pentobarbital at
indicated time points [0 (before the surgery), 6, 12, 24 h, 3,
5, and 7 d after the surgery]. Six animals were used in each
time point. The T8 and T10 segments of the spinal cord were
rapidly extracted, flash-frozen in liquid nitrogen, and stored at
−80◦C. The tissues were homogenized on ice supplemented with
a protease inhibitor (Complete Protease Inhibitor Cocktail; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Protein fractions

were processed using the Ambion PARIS kit according to
the manufacturer’s instructions and stored at −80◦C. Protein
concentration was determined by Microplate Reader (Thermo
Scientific). Protein samples (2mg/ml) were analyzed using the
Bio-Plex Pro Rat Cytokine 24-plex Panel (171K1001M, Bio-Rad)
on a Bio-Plex 200 System and Bio-Plex Pro II Wash Station (Bio-
Rad Laboratories) according to the manufacturer’s instructions.

Assessment of Locomotor Function
At 8 weeks after the surgery and treatments, behavioral tests were
performed by the experimenters blinded to the treatments.

BBB Scale and Grid Climbing Test
Behavioral tests were performed as previously described (Basso
et al., 1995). Hindlimb locomotor function was analyzed using
the BBB locomotor rating scale (Scheff et al., 2002) and inclined
grid climbing assessment (n = 12 for each group). For the BBB
scoring, SCI rats were placed in an open field (70 × 70 × 50 cm)
and allowed to move freely.

In the grid climbing test, animals needed to move from the
bottom to the top of a grid placed at 45◦ from the horizontal
plane. This test was designed to monitor the hindlimb capability
of spontaneously placing reflex (Ramón-Cueto et al., 2000). The
coordination of the forelimbs and hindlimbs was required to
fulfill the task. Videos were recorded for more than 5min to
observe the knee joint angle of animals climbing the grid and
the number of animals whose hindlimb gripped the grid during
climbing. Recording was performed by two investigators who
were blinded to the treatments (n = 12 for each group). Neither
pre-injury training nor food award was employed.

Electrophysiology
After the behavioral experiment, spinal motor-evoked potentials
(SMEPs) were recorded as previously described (Guo et al.,
2007) to evaluate the electrical conduction of motor axons from
the lumbosacral spinal cord segment to triceps surae (n = 6
for each group). After deep anesthesia (10mg/kg propofol and
40mg/kg pentobarbital sodium), the L3-L4 spinal cord and
triceps were exposed. The electrodes of the evoked potential
recorder (VikingQuest, Nicolet, US) were placed in the L3-L4
spinal cord and triceps surae. A stimulating electrode was placed
on the L3-L4 spinal cord, and a recording electrode was inserted
in the center of the triceps surae, with a grounding electrode in
the subcutaneous tissue. Stimulations (5mV, 2ms, 1Hz) were
applied for 20ms in all animals. The amplitude and latency of
the SMEPs were calibrated first and then measured according to
the standardized protocols (Guo et al., 2007; Alam et al., 2017).

Pseudorabies Virus (PRV) Tracing
Retrograde labeling was performed using PRV-152 containing
the CMV-EGFP reporter gene (provided by Gary Pickard).
The viral recombinants were amplified according to previously
established protocols (Han et al., 2015). At 8 weeks post-injury,
the animals were anesthetized with 1% pentobarbital sodium, and
the right triceps surae were exposed. PRV-152 (6 µl) was injected
at three different sites by using a 10 µl Hamilton syringe fitted
with a 33-gauge needle (Figure 5A). At 72 h after the labeling,
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the animals were killed by overdose injection of 1% pentobarbital
sodium, followed by subsequent transcardial perfusion with 0.9%
saline and 4% cold paraformaldehyde in 0.1 mol/l PBS (pH 7.4).
The L3 spinal cord segment was dissected and collected. Frozen
sections with a thickness of 30µm were cut. GFP signal was
detected by a fluorescence microscope (Zeiss LSM700).

Tissue Processing
At 8 weeks after the surgery, the animals were euthanized
by deep anesthesia with 1% pentobarbital sodium (50 mg/kg,
i.p.) and transcardially perfused with saline followed by 4%
paraformaldehyde (PFA) in 0.1M PBS (pH 7.4). The L3 segment
of the spinal cord was dissected and post-fixed in 4% PFA for
24 h. The tissue was dehydrated with 15% sucrose at 4◦C for
24 h followed by 30% sucrose at 4◦C for 24 h or overnight. The
samples were embedded inOCT compound and stored at−80◦C.
Successive sections of the spinal cord were cut transversely at
thicknesses of 15 and 20µmby using a Leica cryotome (CM1950,
Germany).

Histology and Immunohistochemistry
Nissl staining (1% neutral red) was performed on 15 µm-
thick frozen sections for histological analysis to observe
the gross morphology. Immunohistochemistry analysis was
carried out on 20µm frozen sections. The goat anti-choline
acetyltransferase (ChAT) antibody (1:500, AB144p, Millipore)
was used to characterize spinal motoneurons. Neurons in the
lumbar enlargement of the spinal cord in rats were labeled with
the NeuN anitibody (1:1,000, ab177487, Abcam). The neurites
of primary spinal motoneurons were stained with the Map-
2 antibody (1:500, ab5392, Abcam) in rats. The Iba1 antibody
(1:500, ab5076, Abcam) was used for microglial staining to study
inflammation after injury. All signals were detected through
fluorescence analysis using secondary antibodies conjugated to
Alexa Fluor 546 or 488 (1:1,000, Invitrogen).

Cell Counts
To investigate changes of spinal neurons and microglia in the
lumbar enlargement, coronal sections from the L3 segment,
were prepared 2 months after injury and allocated to three
alternative series of 10 sections. The first series was stained with
1% neutral red (Nissl staining), the second one with anit-NeuN
and anti-ChAT, and the third one with Ibal-1. Motoneurons were
identified by the large soma (with diameter larger than 30µm)
with a clear nucleus and Nissl bodies by using a previously
described method (Li et al., 1994). The number of Nissl-
positive motoneurons (with diameter larger than 30µm) and
interneurons (10–30µm in diameter) was estimated on two sides
of each section in the ventral horn. The mean from one series of
section was regarded as one sample and calculated using Image J
5.0 software. Six animals were used in each group. ChAT-positive
cells were classified into two types: motor neurons located in
the ventral horn with large cell bodies, and interneurons located
around the central canal. Spinal motoneurons in the L3 segment,
large NeuN-positive and ChAT-positive neurons were counted
in both ventral horns. The mean from one series of section was
taken as one sample. Six animals were used in each group. The

number of Ibal-1-positive microglia was calculated on two sides
of each section in the ventral horn.

To analyze the PRV-labeled cells in the L3 segment, sections
were divided into six alternative series of 10 sections.We counted
cells positive for the tracer on the right side in every section by
Image J 5.0. The mean from six series of 10 sections was taken as
one sample. Six animals were used in each group.

Primary Culture and Treatment of Rat
Spinal Motoneurons
E15 rat embryos (n = 18) were used to obtain spinal
motoneurons by using a previously described method (Leach
et al., 2011). Finely separated motoneurons were seeded in a
volume of 200 µl at the following densities per well: 2 × 103

cells in 96-well plates, 5 × 103 cells in 8-well plates, and 1
× 105 cells in 24-well cell culture plates. The plates were pre-
coated with 100µg/ml poly-D-lysine (PDL) (Beyotime Institute
of Biotechnology, Shanghai, China). The motoneurons were
cultured in DMEM/F-12 culture medium (HyCloneTM; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS) (Sijiqing Biotech Corp) and 1% penicillin/streptomycin
(P/S) (Solarbio Biotech Corp) for 4 h to enable the cells
to adhere to the plates. The medium was aspirated and
replaced with Neurobasal-A (Life Technologies) culture medium
supplemented with 2% B-27 (Life Technologies) and 1% P/S.

After 24-h incubation, the primary motoneurons were pre-
treated with 0.4 nM recombinant VEGF and inhibitors for
2 h and coincubated with 1µg/ml lipopolysaccharide (LPS; a
neuroinflammation inducer) for 24 h (Herrera et al., 2009;
Sanchez et al., 2010; Seiler et al., 2017; Xu et al., 2017). After the
indicated time points, the neurons were used to perform MTT
assay or fixed with 4% PFA for immunofluorescence staining.
Whole-cell lysates were collected for Western blot analysis.

Western Blot Analysis
The whole-cell lysates from primary motoneurons and tissue
lysates from T8, T10, and L1-5 segmental samples in rats
were collected in a RIPA buffer mixture (Solarbio Biotech)
supplemented with PMSF (1:100; Solarbio Biotech), mixed with
20% sample loading buffer, and heated for 15min at 95◦C.
Protein samples were resolved by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE) and transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica,MA). After blocking in 5% bovine serum albumin (BSA)
in Tris–HCl buffer supplemented with 0.1%Tween-20 (TBST, pH
7.4) for 1 h, the membranes were incubated with the following
specific antibodies at 4◦C overnight: mouse anti-VEGF (1:1,000,
MABC595, Millipore), rabbit anti-pErk1/2 (1:1,000, ab4370,
Abcam), rabbit anti-Erk1/2 (1:1000, ab4695, Abcam), and mouse
anti-GADPH (1:2,000, sc-365062, Santa Cruz Biotechnology).
After washing the membrane with 0.1% TBST three times for
5min each at room temperature (RT), horseradish peroxidase-
conjugated goat anti-mouse secondary antibodies (1:1,000,
Boster) or goat anti-rabbit secondary antibodies (1:1,000, Boster)
were used. The membranes were washed in 0.1% TBST three
times for 5min each at RT. The immunoreactive bands were
visualized using a chemiluminescence (ECL) kit (Bio-Rad
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Laboratories). Signal intensity was quantified using Image J
software.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 6
software. Data were reported as mean± standard deviation (SD)
and analyzed using ANOVA or repeated-measure ANOVA. If
equal variances were found, then the least significant difference
test was applied; otherwise, Kruskal–Wallis test and Dunnett’s T3
test were used. A p < 0.05 was considered to indicate statistical
significance.

RESULTS

Spinal Cords from Neonates Maintain
Higher VEGF Expression than Those from
Adults after Complete ST
After SCI, the local microenvironment critically influences
neuronal survival, axonal regeneration, and functional recovery
(Liu et al., 2011; Zhang et al., 2014; Dulin et al., 2015). As
described before, neonate rats behaved spontaneous functional
recovery after the complete thoracic segment transection, but
this recovery is not found in adult rats after similar injury
(Yuan et al., 2013). To search for the possibly discrepant
cytokines and inflammatory mediators responding to complete
ST in P1 and P28 animals, the Bio-Plex Pro Rat Cytokine 24-
plex immunoassay was performed on T8 and T10 segmental
samples at 0, 6, 12, 24 h, 3, 5, and 7 d after the T9 complete
transection. The VEGF levels were significantly higher in P1
animals than those in P28 animals at all time points after
the surgery (Figures 1A,B). The levels of cytokines including
TNF-α, IFN-γ, IL-7, IL-12, IL-13, and IL-17 decreased in P1
animals compared with those in P28 animals (Figure 1B and
Supplementary Figures 1A,B; n = 6, P < 0.05 or 0.01). The
cytokine IL-10 increased in P1 animals compared with that in
P28 animals at post-injured 7 d (Supplementary Figure 1A, n =

6, P < 0.05). The levels of IL-2 and IL-4 were not significantly
different between the two groups (Figure 1B and Supplementary
Figure 1A, n = 6, P < 0.05). At 12 h post injury, the IL-4 level
significantly differed between the two groups. Moreover, the IL-6
level peaked at 24 h after injury in neonates and at 6 h in adult rats
(Figure 1B, n= 6, P< 0.05). Considering that cytokines after SCI
have been widely studied (Sköld et al., 2000; Wang et al., 2015),
here we mainly focused on the role of VEGF after the injury.
Western blot analysis of T8 and T10 spinal samples indicated
the significantly higher VEGF protein levels in P1 animals than
those in P28 animals before surgery. Furthermore, the VEGF
level further decreased in P28 animals 3 days after the surgery,
but this decrease was not detected in P1 rats (Figure 1C, n = 6,
P < 0.05 or 0.01). Thus, VEGF may be an important mediator
responsible for rare functional recovery in adults after complete
thoracic segment transection.

VEGF Treatment Improves Locomotor
Recovery in Rats after Complete ST
To further evaluate VEGF function after ST, we treated P1 ST
rats with VEGFR inhibitor to block VEGF function and P28 ST

animals with the recombinant VEGF, and then observed their
hindlimb functional recovery by behavioral tests.

Consistent with previous observations (Yuan et al., 2013),
after PBS treatment, P1 ST rats showed evident hindlimb
functional recovery (Supplementary Video 1), but such effect
was not detected in P28 ST rats (Supplementary Video 2).
Interestingly, P1 ST rats subjected to 1 week of postoperative
inhibition of 10 nM pazopanib showed the decreased functional
recovery at 8 weeks after injury (Supplementary Video 3). P28 ST
rats with 1 week of postoperative treatment of VEGF (5µg/kg)
showed slight movement of the hip joint at 2 weeks after injury,
subsequently extensive movement of the hip joint and slight
movement of the knee joint at 3 weeks after injury, and slight
movement of the knee and ankle joints and extensive movement
of the hip joint tended to stabilize 6 weeks after the surgery
(Supplementary Video 4). As shown in Figure 2A, the Basso,
Beattie, and Bresnahan (BBB) scores of P1 and P28 ST animals
were significantly lower than those in P1 and P28 sham groups
at 2 months after injury. No significantly statistical differences
were found between P1 and P28 sham groups. After VEGF
administration, the BBB scores significantly increased in P28
ST rats compared with those in the P28 + PBS group, but this
increase did not reach the level in the P1 + PBS group (n = 12,
∗P < 0.05, ∗∗P < 0.01). On the other hand, inhibition of VEGFR
in ST neonates decreased the BBB scores compared with those in
the P1 + PBS group, and this decrease did not reach the level of
the P28 + PBS group with low VEGF expression (Figure 2A, n
= 12, ∗P < 0.05, ∗∗P < 0.01). The results of the grid climbing
test indicated no significant difference in the knee joint angle
of animals climbing the grid between P1 and P28 sham groups
(Figures 2B,C, n= 12 in each group). After injury, the knee joint
angle in P1 ST rats significantly decreased in comparison with
that in the P1 sham group. The angle of P28 ST rats significantly
reduced in comparison with the P28 sham group (Figure 2C, n
= 12, ∗P < 0.05, ∗∗P < 0.01). The angle in the P1 + inhibitor
group was significantly smaller than that in P1 + PBS and P1
sham groups (30.8◦ ± 3.76◦ vs. 58.9◦ ± 3.65◦, 89.7◦ ± 3.81◦,
Figure 2C, n= 12, ∗P < 0.05, ∗∗P < 0.01). By contrast, the angle
in the P28 + VEGF group was significantly larger than that in
the P28+ PBS group (31.4◦ ± 2.84◦ vs. 0◦ ± 1.50◦), significantly
smaller than that in P1 + PBS and P28 sham groups (31.4◦ ±

2.84◦ vs. 58.9◦ ± 3.65◦ and 90.6◦ ± 3.52◦, Figure 2C, n = 12, ∗P
< 0.05, ∗∗P < 0.01). As shown in Figure 2D, it was found that
compared with P1 and P28 sham groups, the number of animals
whose hindlimb gripped the grid during climbing significantly
decreased in P1+ PBS, P1+ inhibitor, and P28+ VEGF groups.
But in the P28+VEGF group, the number was significantlymore
than the P28+ PBS group. After inhibition of VEGF, the number
in the P1 + inhibitor group was less than that in the P1 + PBS
group (n= 12, ∗P < 0.05, ∗∗P < 0.01).

To further assess functional status, we recorded the SMEPs
of ST rats 2 months after surgery. We stimulated L3 spinal
segment and identified the triceps surae. As a widely applied
clinical evaluation, the latency of SMEPs reflects the number of
excited axons of the nerve, and the peak of SMEPs corresponds
to the conduction velocity of the nerve. The amplitude of SEMPs
decreased and the latency increased in neonatal and adult ST
rats compared with that in sham groups, but the amplitude
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FIGURE 1 | Cytokine profiling of P1 and P28 rats following complete ST. (A) Bio-Plex Pro Rat Cytokine 24-plex Assay Heatmap showed the expression of 24

cytokines in the spinal cords of P1 and P28 rats at different timelines after injury; the color from green to red presents the concentration of cytokines from low to high;

(B) Changes in the protein expression of representative cytokines, such as VEGF, TNF-α, IFN-γ, IL-1α, IL-2, and IL-6. VEGF expression significantly changed at every

timeline between the two groups (n = 6, *P < 0.05, **P < 0.01). The levels of VEGF, TNF-a, IFN-γ, IL-1a, and IL-6 were significantly higher in P1 ST rats than those in

P28 ST rats, but the IL-2 protein level was similar between the two groups (n = 6, *P < 0.05, **P < 0.01); (C) Western blot showed the protein expression of VEGF in

the spinal cord of neonatal and adult rats at pre-surgery and 3 days after the surgery. After ST, the VEGF expression was significantly decreased in P28 rats but not in

P1 rats compared with the levels before the surgery. Before and after injuries, the VEGF expression was significantly lower in P28 rats than that in P1 rats (n = 6,*P <

0.05, **P < 0.01).

was smaller and the latency was longer in the P28 + PBS
group compared with those in the P1 + PBS group (Figure 2E).
After treatment with VEGF, the peak amplitude significantly
increased in P28 ST rats compared with that in the P28 +

PBS group, but the recovery did not reach the levels in the
P1 + PBS group (Figure 2F, n = 12, ∗P < 0.05, ∗∗P < 0.01).
Additionally, administration of the inhibitor in neonatal animals
significantly decreased the peak amplitude and significantly
increased the latency of the SMEPs compared with that in the
P1 ST animals, and the difference was significant in contrast to

that in the P28 + PBS group (Figure 2E, n = 12, ∗P < 0.05,
∗∗P < 0.01).

VEGF Facilitates Neuronal Survival and
Local Network Reorganization below Injury
Sites after ST Injury
In our ST model, we completely removed the T9 spinal segment,
and hindlimb functional recovery is impossibly attributable to
axon growth across the lesion sites. The local neural circuit
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FIGURE 2 | VEGF treatment improves locomotor recovery in rats after complete ST. (A) The BBB scores in the P28 + PBS group were significantly lower than those

in P1 + PBS, P28 + VEGF, and P28 sham groups; the scores in the P1 + inhibitor group were also significantly lower than those in P1 + PBS and P1 sham groups

but higher than those in the P28 + PBS group; (B) In grid climbing test, continuous time-lapse images from the video showed alternative movements of two

hindlimbs, involving the flexion and extension of the three major joints (the hips, the knees, and the ankles) in sham and P1 + PBS groups but not in the P28 + PBS

groups. In P28 + VEGF and P1 + inhibitor group, slight movements of two or three joints were found; (C) The knee joint angles were assessed in six groups: the value

of knee joint angle was significantly decreased in P1 and P28 ST rats compared with that in sham groups, was higher in the P28 + VEGF group than that in the P28 +

PBS group, and was lower in the P1+ inhibitor group than that in the P1 + PBS group; (D) The number of animals whose hindlimb gripped the grid was shown in six

groups; (E) SMEPs were recorded in six groups: P1 sham, P1 + PBS, P1 + inhibitor, P28 sham group, P28 + PBS, and P28 + VEGF groups; (F) SMEPs significantly

decreased in P1 and P28 ST rats compared with that in sham rats. The peak value of the amplitude significantly reduced in P1 rats with the inhibition of VEGF

compared with that in the P1 + PBS group. The peak value of amplitude significantly increased in P28 rats treated with VEGF compared with that in the P28 + PBS

group. The changes in the latency showed an opposite trend to that of the amplitude in these groups. *P < 0.05; **P < 0.01; n = 12 in each group.

reorganization below the injury site may be the main reason
to explain functional recovery. To test this, we firstly compared
neuronal numbers on transverse sections from the L3 segment at
8 weeks after surgery. As shown in Figure 3, Nissl staining labeled
all neurons in the gray matter, and large spinal motoneurons and
interneurons were visible in the ventral horn. The laminectomy
did not influence the number and morphology of spinal
motoneurons and some interneurons in the L3 segment in P1
and P28 sham groups. The number of surviving spinal neurons
in the L3 segment in both neonatal and adult rats decreased after
transection, and the reduction was more prevalent in the P28 +

PBS group than that in the P1+ PBS group. After treatment with
VEGF, the neuron number in P28 ST animals was significantly
higher than that in the P28 + PBS group but was significantly

lower than that in P1 ST rats. Additionally, the neuron number
in the P1 ST rats with inhibitor significantly decreased compared
with that in the P1+ PBS group (Figure 3, n= 6, ∗P < 0.05, ∗∗P
< 0.01). This finding indicates that VEGF slows down neuronal
death after injuries.

Secondly, to specifically analyze changes in spinal
motoneurons, we conducted double immunostaining of
transverse sections from the L3 segment by using anti-NeuN
and anti-ChAT antibodies (Figure 4A). The number of ChAT-
positive motoneurons was not significantly different between P1
and P28 sham groups, and significantly decreased in ST neonates
and adults compared with that in sham groups. After VEGF
treatment, the motoneuron number in P28 ST rats significantly
increased compared with that in the P28 + PBS group but
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FIGURE 3 | VEGF enhances spinal neuron survival in rats undergoing ST. (A–F) Nissl staining was carried out on spinal transverse sections of the L3 segment and

high power inserts (a–f) in the P1 sham group (A,a), the P1 + PBS group (B,b), the P1 + inhibitor group (C,c), the P28 sham group (D,d), the P28 +PBS group (E,e)

and the P28 + VEGF group (F,f); (G) Statistical analysis showed that the number of motoneurons and interneurons significantly decreased after lesion in both neonatal

(Continued)
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FIGURE 3 | and adult rats compared with that in the sham groups, was not significantly different between P1 and P28 sham groups, and decreased in the P28 +

PBS group compared with that in the P1 + PBS group. Treatment of VEGF in P28 ST animals can significantly reverse the tendency compared with that in the P28 +

PBS group, and inhibition of VEGF in P1 ST rats significantly decreased the number in contrast to that in the P1 + PBS group (n = 6, *P < 0.05, **P < 0.01). The

dashed boxes in (A–F) indicate the regions where the number of motoneurons was estimated (>30µm in diameter, arrows indicated) and interneurons (10–30µm in

diameter, arrows indicated). The black box in (A–F) represents the region of high power inserts (a–f).

FIGURE 4 | Exploration of the effect of VEGF on spinal motoneuron survival in rats undergoing ST. (A) Immunofluorescence staining for ChAT (red, A1–A6) and NeuN

(green, A7–A12) conducted in the spinal transverse section of the L3 segment, and the merged images are presented in (A13–A18); (B) Bar graph shows that the

number of motor neurons significantly decreased after lesion, and this effect was reversed by VEGF treatment; inhibition of VEGF in P1 rats resulted in high death rate

of spinal motor neurons (n = 6, *P < 0.05, **P < 0.01). The dotted boxes in (A13, A14) indicate the area of high-power inserts (a–f).

lower than that in the P1 ST animals. After VEGF inhibition, the
number of motoneurons in P1 ST animals significantly decreased
compared with that in the P1 + PBS group (Figure 4B, n = 6,
∗P < 0.05, ∗∗P < 0.01).

To determine whether or not ST injury induces the
reorganization of the spinal local network, we injected the
transynaptic pseudorabies virus (PRV) into the triceps surae,
and analyzed the number of labeled spinal motoneurons and
segmental spinal interneurons that produce synapses with
spinal motoneurons, in the L3 segment at 8 weeks post-injury

(Figures 5A–C). After 72 h of the inoculation, ipsilateral
motoneurons were retrogradely labeled in the ventral horn
(lamina IX) and smaller interneurons were retrogradely infected
in layers V–VIII in transverse sections of the L3 segment
(Figures 5C1–C6). The number of PRV-labeled neurons was
significantly lower in the P1 + PBS group than that in the P1
sham group (87.0 ± 7.50 vs. 158. 0 ± 3.52) and in the P28
+ PBS group than that in the P28 sham group (19.0 ± 3.02
vs. 156.0 ± 4.26 cells per section; Figure 5D). The number of
PRV-labeled neurons was not significantly different between P1
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FIGURE 5 | Effect of VEGF on the reconstruction of intrinsic spinal circuitry after ST. (A) Schematic illustrating PRV injection in the right triceps to label neurons in the

L3 segment; (B) Schematic diagram of gray matter lamina in the spinal cord; (C) After 72 hr, PRV (green)-labeled spinal neurons in laminae V-VIII on the ipsilateral side

(C1–C6) and their high-power inserts (C7–C12) indicated as dotted boxes in (C1–C6), respectively. (D) The number of PRV-labeled neurons significantly decreased

after injuries compared with that in sham groups; no significant difference was observed in the number of PRV-labeled neurons between P1 and P28 sham groups;

the number of these neurons was higher in the P1 + PBS group than that in the P28 + PBS group; the number in the P28 + VEGF was significantly higher than that

in the P28 + PBS group; and the number in the P1 + inhibitor group was significantly lower than that in the P1 + PBS group; *P < 0.05; **P < 0.01; n = 6 in each

group; t-test.

and P28 sham groups (158.0 ± 3.52 vs. 156.0 ± 4.26 cells per
section; Figure 5D). The number of PRV-labeled neurons was
significantly lower in the P28 + PBS group compared with that
in P1 + PBS and P28 + VEGF groups (19.0 ± 3.02 vs. 87.0 ±

7.50, 65.0 ± 2.53, cells per section; Figure 5D, n = 6). Moreover,
the number of PRV-labeled neurons was significantly lower in the
P1+ inhibitor group compared with that in the P1+ PBS group
(21.0± 4.10 vs. 87.0± 7.50, cells per section; Figure 5D, n= 6).

These observations indicate that VEGF fosters the
reorganization of the spinal motor network after complete ST.

VEGF Prevents Inflammation in Chronic
Periods of Repair after ST
As described before, the expression of VEGF was accompanied
with the changes of some inflammatory factors in acute
inflammation after ST. To further investigate the association
of VEGF with inflammation in the local spinal cord below
the injury site after ST, we performed immunofluorescence
staining in microglia in the L3 segment against Ibal-1 at 8 weeks
after injury. The number of microglia in the L3 segment 8
weeks post laminectomy was not significantly different between
P1 and P28 sham groups. The accumulation of microglia
marked by Ibal-1 immunostaining in neonates and adults

was triggered by ST injury compared with that in sham
groups (Figure 6A). Administration with VEGF in P28 ST rats
significantly attenuated the microglial accumulation compared
with that in the P28 + PBS group (Figures 6A5,A6). But after
treatment with VEGF, the number of microglia in the P28 ST
rats was still higher than that in the P1 + PBS group. Inhibition
of VEGF in P1 ST animals significantly increased the number
of microglia compared to the P1 + PBS group (Figures 6A,B,
n = 6, ∗P < 0.05, ∗∗P < 0.01). Hence, VEGF exerts an anti-
inflammatory effect during chronic periods after injury.

VEGF Facilitates Neuronal Survival and
Neurite Growth in LPS-Induced
Motoneuron Culture
To determine the direct effect of VEGF on neurons during
injuries, we established a LPS-induced inflammation model on
E15 cultured spinal motoneurons and analyzed cell viability,
neurite out-growth and MAPK signaling pathway. After
pretreatment with 0.4 nM VEGF for 2 h, the motoneurons were
incubated with 1µg/ml LPS for 24 h. LPS treatment significantly
decreased the cell viability compared with the control, and
this effect was partially reversed by administration of 0.4 nM
VEGF and diminished by blocking the endogenous VEGF
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function using VEGFR inhibitors (20 nM S1 and 10 nM S3;
Figures 7A,B, ∗P < 0.05, ∗∗P < 0.01). In addition, LPS-treatment
inhibited neurite growth compared with the control, and this
effect was alleviated by treatment with 0.4 nM VEGF and
further worsened by administering VEGF inhibitors (Figure 7C,
∗P < 0.05, ∗∗P < 0.01). Similar to previous reports (Wang et al.,
2015), our results indicate that VEGF exerts protection against

neuroinflammation and may contribute to functional recovery
after injuries.

VEGF Effect Is through the MAPK Signaling
Pathway
VEGF is a neuroprotective agent that effectively protects both
peripheral and central neurons through Erk1/2 and inhibits

FIGURE 6 | Protective role of VEGF against inflammation in spinal cord in rats after ST. (A) Immunofluorescence staining for Ibal-1 to label microglia (red, A1–A6) in

the L3 segment of the rat spinal cord; (B) The number of Ibal 1-positive cells increased in the four injured groups compared with that in the sham groups. There was

no significant difference in the Ibal-1 positive cell number between the P1 and P28 sham groups. Among the four injured groups, the number in the P28 + PBS group

was significantly higher than that in the P1 + PBS group or P28 + VEGF group, the number in the P1 + inhibitor group significantly increased compared with that in

the P1 + PBS group. *P < 0.05; **P < 0.01; n = 6.

FIGURE 7 | VEGF facilitates neuronal survival and neurite growth. (A) E15 cultured spinal motoneurons were immunostained for ChAT (red) and Map2 (green) in five

different groups; (B) Cell viability was decreased by the treatment of LPS, and the effect was reversed by administration of 0.4 nM VEGF but was intensified following

the treatment with VEGF inhibitors: 20 nM S1 and 10 nM S3 (n = 20, **the LPS vs. the Ctrl, P < 0.01; *P < 0.01; **P < 0.01, the LPS + VEGF, the LPS + S3, the LPS

+ S1 vs. the LPS, *P < 0.05, **P < 0.01); (C) Total neurite length was significantly decreased following LPS-treatment compared with the control (ctrl) but increased in

the LPS + VEGF group compared with that in the LPS group; the treatment of inhibitors resulted in shorter neurite length. *P < 0.05; **P < 0.01; n = 20.
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caspase-3 induction in vivo and in vitro (Beazley-Long et al.,
2013; Xu et al., 2015). Here, to ascertain the role of the
MAPK/Erk1/2 pathway in the VEGF effect, we analyzed VEGF
expression and Erk1/2 phosphorylation levels through Western
blots of L1-L5 samples at 8 weeks after ST (Figure 8A).
Administration of VEGFR inhibitor significantly down-regulated
the VEGF expression in P1 ST rats compared with that in P1 +

PBS and P1 sham groups. In the P28 + PBS group, there were a
significant decrease of VEGF expression compared with that in
the P28 sham and P1 + PBS groups and a significant increase
in the P28 + VEGF group compared with P28 + PBS and P1
+ PBS groups (Figure 8B, ∗P < 0.05, ∗∗P < 0.01). Inhibition
of VEGF in ST neonatal rats significantly down-regulated the
phosphorylation levels of Erk1/2 in contrast to P1 + PBS and P1
sham groups. The phosphorylation levels of Erk1/2 in ST adults
significantly reduced in response to ST compared with the P28
sham group. After administration of VEGF, the phosphorylation
levels of Erk1/2 in ST adults rats were dramatically up-regulated
compared with those in the P28+ PBS group, and did not return
to the level in the P1 + PBS group (Figure 8C, ∗P < 0.05, ∗∗P <

0.01). VEGF expression and the phosphorylation levels of Erk1/2
were not significantly different between P1 and P28 sham groups
(Figures 8B,C).

From E15 cultured spinal motoneurons pretreated with
0.4 nM VEGF for 2 h and followed with the incubation of
1µg/ml LPS for 24 h, we found that LPS-treatment decreased
the phosphorylation of Erk1/2; the pre-treatment of 0.4 nM
VEGF prevented this decreasing; and VEGFR inhibitors further

promoted the reduction of LPS-induced Erk1/2 phosphorylation
(Figures 8D,E, ∗P < 0.05, ∗∗P < 0.01).

These results demonstrate that VEGF exerts a therapeutic
effect on functional recovery in ST rats possibly via the
MAPK/Erk1/2 signaling pathway.

DISCUSSION

Severe SCI leads to neuronal death, axonal loss, demyelination,
disrupted neuronal connections between brain and periphery,
and corresponding changes in the local microenvironment,
eventually resulting in devastating loss of function (Stenudd
et al., 2015; Lai et al., 2016). The local environment in the
lesioned spinal cord promotes the differentiation of stem cells
into glial lineages, including astrocytes and oligodendrocytes
(Rossi and Keirstead, 2009; Park et al., 2012). Various extrinsic
and intrinsic mechanisms have been established to improve
the developmentally related and injury-induced changes that
limit plasticity and neuronal survival in the adult CNS (Xia
et al., 2014; Gwak et al., 2017). Scholars have reported
a large number of molecules that may offer therapeutic
strategies for pharmacological inhibition/antagonism. Based on
the observations that compared with adult rats, neonatal rats
following complete transection had a spontaneous locomotor
recovery that may be due to intrinsic plasticity in the lumbosacral
circuitry below the lesion controlling hindlimb locomotor
activity (Yuan et al., 2013) and a significant difference in
the expression of VEGF, the purpose of this study was to

FIGURE 8 | Determination of influence of VEGF on the MAPK signaling pathway. (A) Western blots showed the phosphorylation of Erk1/2 from L1–L5 segmental

samples 8 weeks after the surgery; (B) Quantitative analysis revealed that the VEGF expression reduced after the surgery; treatment of the VEGFR inhibitor

down-regulated the VEGF expression level in neonatal animals with ST, and the VEGF administration up-regulated its level in adult rats with injury; (C) Phosphorylation

levels of Erk1/2 in adults decreased in response to ST, decreased by the inhibition of VEGF in P1 ST rats, but increased by the administration of VEGF in P28 ST

animals (n = 3 biological replicates, *P < 0.05, **P < 0.01); (D) Phosphorylation level of Erk1/2 from 24h of primary motoneuron culture was assessed by Western

blot analysis; (E) Western blot quantitative analysis demonstrated that 0.4 nM VEGF can up-regulate the MAPK phosphorylation level, and inhibition of VEGF

promoted the reduction MAPK/Erk1/2 phosphorylation level compared with the group treated with LPS (n = 20, *P < 0.05, **P < 0.01).
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investigate the beneficial effects of VEGF on spinal neural
survival and circuit reconstruction in lumbar enlargement to
improve hindlimb movement in rats undergoing complete T9
transection.

The process of SCI is characterized by initial physical damage
(primary injury), leading to progressive damaging processes
(secondary injury) spreading away from the injury epicenter
(Choi and Rothman, 1990; Patel et al., 2002; Nicola et al.,
2017). The primary injury process is predominantly responsible
for neuron death, and secondary injuries possess pathological
mechanisms involved in inflammatory response, excitotoxicity,
ionic imbalance, lipid peroxidation, free radical injury, and
apoptosis, which induce neuron death (Yin et al., 2012; Silva
et al., 2014). Many studies have investigated various interventions
targeting these secondary processes (Beattie, 2004; Jia et al.,
2012). Although the expression level of VEGF is relatively
low in primary neurons and normal adult brain (Merrill and
Oldfield, 2005; Sanchez et al., 2010), it plays essential roles in
the CNS undergoing SCI. VEGF is a neurotrophic factor (Choo
et al., 2008) that improves the survival of NSCs transplanted
into injured spinal cords and enhances angiogenesis in SCI
(Oh et al., 2012). The delivery of VEGF and GNDF genes
using genetically modified UCB-MCs into the SCI site improves
behavioral recovery and axonal regeneration after the injury
(Mukhamedshina et al., 2016). As a compensatory response to
injury, up-regulation of VEGF occurs in stroke, traumatic injury,
aneurysms, and AD and could be directly related to disease
pathogenesis (Skirgaudas et al., 1996; Kalaria et al., 1998; Shore
et al., 2004; Storkebaum et al., 2004; Merrill and Oldfield, 2005).
VEGF also functions as be a modifier of the degeneration of
motoneurons in amyotrophic lateral sclerosis (Storkebaum et al.,
2004). Moreover, VEGF exerts favorable effects on neuronal
survival, which is modulated via the cooperation of neurotrophic,
neuroprotective, and angiogenic effects. Previous studies found
that nascent mesencephalic neurons show strong and rapid up-
regulation of the developmentally regulated structural protein,
Map-2, which is coupled with neuritic growth; this finding
suggests the role of VEGF in enhanced neuronal maturation
(Khaibullina et al., 2004; McCubrey et al., 2006). In the present
study, the results revealed that VEGF improved the survival rate
of spinal motoneurons, adjusted the structure of motoneurons,
and played a functional role in resisting an unconducive
environment in vitro and vivo.

Strong inflammatory responses are a major component of
secondary injury after SCI (Jia et al., 2012). Defining the pathways
and secondary mediators modulated by the protective candidates
is necessary for the development of targeted therapeutics to
improve the protective effects. Previous studies indicated that
the pathogenesis of chronic neuroinflammatory diseases may
contribute to persistent up-regulated levels of VEGF in brain
injury or inflammation; hence, VEGF may have a potential effect
on anti-inflammation in the CNS (Saban et al., 2008; Wang
et al., 2015). In this study, we induced primary rat motoneurons
with LPS treatment and performed cytokine profiling of the
spinal cord in rats after complete ST. We found that VEGF may
exert a therapeutic effect on neural disorders related to neuronal
inflammation, such as SCI. In vivo studies, the activation of

microglia is involved in the pathological condition of SCI and the
continuous release of inflammatory mediators accompanied by
the influx of macrophages, neutrophils, and lymphocytes (David
and Kroner, 2011; Kitayama et al., 2011). Activation of microglia,
which induce neuronal cell death and neurite degeneration
via Toll-like receptors, promotes the expression and release
of pro-inflammatory cytokines to extend and exacerbate the
inflammatory responses (Kawabori and Yenari, 2015), leading
to functional deficits in the injured spinal cord. Treatments for
down-regulating microglial activation are also considered for
treatment of SCI (Popovich et al., 1999). Microglial activation
during the acute period of SCI can also have a positive effect
due to the phagocytosis of the debris and the products of myelin
decomposition, contributing to rapid resolution of primary
post-traumatic processes. However, microglial activation is
unfavorable for neuronal survival in chronic periods after SCI.
Our present findings indicated that high VEGF expression
regulated the release of inflammatory mediators in acute
inflammation, improved the local microenvironment, and
inhibited the activation of microglia in chronic periods.

Assessment of neurological function is commonly used
measure to evaluate the degree of injury and the therapeutic
effect of medications. In the present study, BBB rating and
SMEPs indicated significant improvements in locomotion after
the treatment. Hence, VEGF may improve the behavioral
function in animals after complete ST. Some motor functions
can recover, depending on the presence of spinal circuitry that
can generate complex sequential activation of various leg muscles
after complete spinalization. This is achieved by an intrinsic
spinal circuitry, namely, the central pattern generator,which
comprises a specialized network of interneurons conducive
to generating locomotor patterns, such as alternating activity
between flexors and extensors, without supraspinal tracts in the
lumbar and sacral spinal cord (Rossignol and Frigon, 2011). The
plasticity within intrinsic spinal circuits is a critical component
of hindlimb locomotor recovery, and modulating the modified
spinal network could contribute to functional recovery in rats
that underwent complete ST (Rossignol, 2006). After injury,
changes in cellular and circuit properties occur spontaneously
and can be mediated through pharmacological, electrical, or
rehabilitation strategies (Rossignol and Frigon, 2011). In this
study, we illustrated that administration of VEGF enhanced PRV-
positive propriospinal connections with spinal motoneurons
and remodeled the circuits responsible for hindlimb locomotor
recovery in rats after complete ST.

Previous studies have also shown that Erk1/2 signaling
cascades exert a key role in the regulation of gene expression
and prevention of apoptosis (McCubrey et al., 2006). It is also
reported that activation of the MAPK/Erk can promote the
differentiation and survival of neurons (Pearson et al., 2001;
Yuan et al., 2003). In the present study, VEGF significantly
enhanced the survival of spinal cord neurons, mediated the
phosphorylation levels of Erk and exerted neuroprotective effects
directly through the MAPK/Erk1/2 signaling pathway in vitro
and vivo. Thus, the potential mechanism of VEGF in promoting
functional restoration is that VEGF over-expression positively
mediates the activity of the MAPK-Erk1/2 signaling pathway,
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resulting in a reduction in the number of microglia, and a boost
in neuronal survival and plasticity of the intrinsic propriospinal
circuitry.

In conclusion, this study demonstrated that VEGF regulated
spinal inflammatory responses, promoted neuronal survival,
enhanced plasticity changes in the intrinsic spinal circuitry, and
restored behavioral function in rats after complete ST through
the MAPK/Erk1/2 signaling pathways. The results provide a
theoretical basis for treatment of patients with spinal cord injury
(SCI) and lay a foundation for exploring new targets for therapy.

Our study exhibited several limitationsmainly because clinical
efficacy, including optimal therapeutic dose and treatment time,
could not be determined under animal experimental conditions.
Further studies are needed to elucidate the underlying upstream
or downstream in MAPK/Erk1/2 signaling molecules that are
associated with the protective effects of VEGF in rats after
SCI. Overally, VEGF may be a candidate for development of
therapeutic agents for SCI.

AUTHOR CONTRIBUTIONS

WW conceived the study; JL and WW designed the experiment;
JL, SC, ZZ, YL, YH, HL, LH, LZ, and WW performed the

experiments; JL and WW contributed to data analysis and
preparation of figures; JL, LZ, and WW wrote and revised the
manuscript.

FUNDING

This work was supported by National Basic Research
Program of China (973 Program, 2014CB542205) and
the National Natural Science Foundation of China
(81641047).

ACKNOWLEDGMENTS

This is a short text to acknowledge the contributions of
Guangdong-Hongkong-Macau Institute of CNS Regeneration,
Jinan University, Guangzhou, China that aided the efforts of the
authors.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2017.00381/full#supplementary-material

REFERENCES

Alam, M., Garcia-Alias, G., Jin, B., Keyes, J., Zhong, H., Roy, R. R., et al. (2017).

Electrical neuromodulation of the cervical spinal cord facilitates forelimb

skilled function recovery in spinal cord injured rats. Exp. Neurol. 291, 141–150.

doi: 10.1016/j.expneurol.2017.02.006

Andrews, E. M., Richards, R. J., Yin, F. Q., Viapiano, M. S., and

Jakeman, L. B. (2012). Alterations in chondroitin sulfate proteoglycan

expression occur both at and far from the site of spinal contusion

injury. Exp. Neurol. 235, 174–187. doi: 10.1016/j.expneurol.2011.

09.008

Araújo, M. R., Kyrylenko, S., Spejo, A. B., Castro, M. V., Ferreira Junior, R.

S., Barraviera, B., et al. (2017). Transgenic human embryonic stem cells

overexpressing FGF2 stimulate neuroprotection following spinal cord ventral

root avulsion. Exp. Neurol. 294, 45–57. doi: 10.1016/j.expneurol.2017.04.009

Basso, D. M., Beattie, M. S., and Bresnahan, J. C. (1995). A sensitive and reliable

locomotor rating scale for open field testing in rats. J. Neurotrauma 12, 1–21.

doi: 10.1089/neu.1995.12.1

Beattie, M. S. (2004). Inflammation and apoptosis: linked therapeutic

targets in spinal cord injury. Trends Mol. Med. 10, 580–583.

doi: 10.1016/j.molmed.2004.10.006

Beazley-Long, N., Hua, J., Jehle, T., Hulse, R. P., Dersch, R., Lehrling, C., et al.

(2013). Vegf-a165b is an endogenous neuroprotective splice isoform of vascular

endothelial growth factor a in vivo and in vitro. Am. J. Pathol. 183, 918–929.

doi: 10.1016/j.ajpath.2013.05.031

Benedito, R., Rocha, S. F.,Woeste,M., Zamykal,M., Radtke, F., Casanovas, O., et al.

(2012). Notch-dependent VEGFR3 upregulation allows angiogenesis without

VEGF-VEGFR2 signalling. Nature 484, 110–114. doi: 10.1038/nature10908

Bernstein, D. R., Bechard, D. E., and Stelzner, D. J. (1981). Neuritic growth

maintained near the lesion site long after spinal cord transection in the newborn

rat. Neurosci. Lett. 26, 55–60. doi: 10.1016/0304-3940(81)90425-0

Bhuiyan, M. I., Kim, J. C., Hwang, S. N., Lee, M. Y., and Kim, S. Y.

(2015). Ischemic tolerance is associated with Vegf-C and Vegfr-

3 signaling in the mouse hippocampus. Neuroscience 290, 90–102.

doi: 10.1016/j.neuroscience.2015.01.025

Bisicchia, E., Latini, L., Cavallucci, V., Sasso, V., Nicolin, V., Molinari,

M., et al. (2016). Autophagy inhibition favors survival of rubrospinal

neurons after spinal cord hemisection. Mol Neurobiol. 54, 4896–4907.

doi: 10.1007/s12035-016-0031-z

Chen, S., Liu, Y. Z., Rong, X. Z., Li, Y., Zhou, J. F., and Lu, L. (2017).

Neuroprotective role of the PI3 kinase/Akt signalling pathway in zebrafish.

Front. Endocrinol. 8:21. doi: 10.3389/fendo.2017.00021

Chen, T., Yu, Y., Tang, L. J., Kong, L., Zhang, C. H., Chu, H. Y., et al. (2017).

Neural stem cells over-expressing brain-derived neurotrophic factor promote

neuronal survival and cytoskeletal protein expression in traumatic brain injury

sites. Neural Regen. Res. 12, 433–439. doi: 10.4103/1673-5374.202947

Choi, D. W., and Rothman, S. M. (1990). The role of glutamate neurotoxicity

in hypoxic-ischemic neuronal death. Annu. Rev. Neurosci. 13, 171–182.

doi: 10.1146/annurev.ne.13.030190.001131

Choo, A. M., Liu, J., Dvorak, M., Tetzlaff, W., and Oxland, T. R. (2008). Secondary

pathology following contusion, dislocation, and distraction spinal cord injuries.

Exp. Neurol. 212, 490–506. doi: 10.1016/j.expneurol.2008.04.038

David, S., and Kroner, A. (2011). Repertoire of microglial and macrophage

responses after spinal cord injury. Nature Rev. Neurosci. 12, 388–399.

doi: 10.1038/nrn3053

Dulin, J. N., Antunes-Martins, A., Chandran, V., Costigan, M., Lerch, J. K., Willis,

D. E., et al. (2015). Transcriptomic approaches to neural repair. J. Neurosci. 35,

13860–13867. doi: 10.1523/JNEUROSCI.2599-15.2015

GrandPré, T., Nakamura, F., Vartanian, T., and Strittmatter, S. M. (2000).

Identification of the Nogo inhibitor of axon regeneration as a Reticulon protein.

Nature 403, 439–444. doi: 10.1038/35000226

Greenberg, D. A., and Jin, K. (2005). From angiogenesis to neuropathology.Nature

438, 954–959. doi: 10.1038/nature04481

Guo, J. S., Zeng, Y. S., Li, H. B., Huang, W. L., Liu, R. Y., Li, X. B., et al. (2007).

Cotransplant of neural stem cells and NT-3 gene modified Schwann cells

promote the recovery of transected spinal cord injury. Spinal Cord 45, 15–24.

doi: 10.1038/sj.sc.3101943

Gwak, S. J., Macks, C., Jeong, D. U., Kindy, M., Lynn, M., Webb, K., et al. (2017).

RhoA knockdown by cationic amphiphilic copolymer/siRhoA polyplexes

enhances axonal regeneration in rat spinal cord injury model. Biomaterials 121,

155–166. doi: 10.1016/j.biomaterials.2017.01.003

Han, Q., Cao, C., Ding, Y., So, K. F., Wu, W., Qu, Y., et al. (2015). Plasticity of

motor network and function in the absence of corticospinal projection. Exp.

Neurol. 267, 194–208. doi: 10.1016/j.expneurol.2015.03.008

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 November 2017 | Volume 11 | Article 381

https://www.frontiersin.org/articles/10.3389/fncel.2017.00381/full#supplementary-material
https://doi.org/10.1016/j.expneurol.2017.02.006
https://doi.org/10.1016/j.expneurol.2011.09.008
https://doi.org/10.1016/j.expneurol.2017.04.009
https://doi.org/10.1089/neu.1995.12.1
https://doi.org/10.1016/j.molmed.2004.10.006
https://doi.org/10.1016/j.ajpath.2013.05.031
https://doi.org/10.1038/nature10908
https://doi.org/10.1016/0304-3940(81)90425-0
https://doi.org/10.1016/j.neuroscience.2015.01.025
https://doi.org/10.1007/s12035-016-0031-z
https://doi.org/10.3389/fendo.2017.00021
https://doi.org/10.4103/1673-5374.202947
https://doi.org/10.1146/annurev.ne.13.030190.001131
https://doi.org/10.1016/j.expneurol.2008.04.038
https://doi.org/10.1038/nrn3053
https://doi.org/10.1523/JNEUROSCI.2599-15.2015
https://doi.org/10.1038/35000226
https://doi.org/10.1038/nature04481
https://doi.org/10.1038/sj.sc.3101943
https://doi.org/10.1016/j.biomaterials.2017.01.003
https://doi.org/10.1016/j.expneurol.2015.03.008
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Li et al. VEGF and Spinal Cord Injury

Hase, T., Kawaguchi, S., Hayashi, H., Nishio, T., Asada, Y., and Nakamura,

T. (2002a). Locomotor performance of the rat after neonatal repairing of

spinal cord injuries: quantitative assessment and electromyographic study.

J. Neurotrauma 19, 267–277. doi: 10.1089/08977150252807009

Hase, T., Kawaguchi, S., Hayashi, H., Nishio, T., Mizoguchi, A., and Nakamura,

T. (2002b). Spinal cord repair in neonatal rats: a correlation between

axonal regeneration and functional recovery. Eur. J. Neurosci. 15, 969–974.

doi: 10.1046/j.1460-9568.2002.01932.x

He, W. W., Bai, G., Zhou, H. H., Wei, N., White, N. M., Lauer, J., et al.

(2016). CMT2D neuropathy is linked to the neomorphic binding activity

of glycyl-tRNA synthetase (vol 526, pg 710, 2015). Nature 532, 402–402.

doi: 10.1038/nature16499

Herrera, J. J., Nesic, O., and Narayana, P. A. (2009). Reduced vascular endothelial

growth factor expression in contusive spinal cord injury. J. Neurotrauma 26,

995–1003. doi: 10.1089/neu.2008.0779

Hu, J., and Selzer, M. E. (2017). RhoA as a target to promote neuronal

survival and axon regeneration. Neural Regen. Res. 12, 525–528.

doi: 10.4103/1673-5374.205080

Hwang, W. W., Salinas, R. D., Siu, J. J., Kelley, K. W., Delgado, R. N., Paredes, M.

F., et al. (2014). Distinct and separable roles for EZH2 in neurogenic astroglia.

Elife 3:e02439. doi: 10.7554/eLife.02439

Jia, Z., Zhu, H., Li, J., Wang, X., Misra, H., and Li, Y. (2012). Oxidative stress

in spinal cord injury and antioxidant-based intervention. Spinal Cord 50,

264–274. doi: 10.1038/sc.2011.111

Kalaria, R. N., Cohen, D. L., Premkumar, D. R., Nag, S., LaManna, J. C., and

Lust, W. D. (1998). Vascular endothelial growth factor in Alzheimer’s disease

and experimental cerebral ischemia. Brain Res. Mol. Brain Res. 62, 101–105.

doi: 10.1016/S0169-328X(98)00190-9

Kawabori, M., and Yenari, M. A. (2015). The role of the microglia in acute CNS

injury.Metab. Brain Dis. 30, 381–392. doi: 10.1007/s11011-014-9531-6

Keefe, K. M., Sheikh, I. S., and Smith, G. M. (2017). Targeting neurotrophins

to specific populations of neurons: NGF, BDNF, and NT-3 and their

relevance for treatment of spinal cord injury. Int. J. Mol. Sci. 18:E548.

doi: 10.3390/ijms18030548

Khaibullina, A. A., Rosenstein, J. M., and Krum, J. M. (2004). Vascular endothelial

growth factor promotes neurite maturation in primary CNS neuronal cultures.

Dev. Brain Res. 148, 59–68. doi: 10.1016/j.devbrainres.2003.09.022

Kitayama, M., Ueno, M., Itakura, T., and Yamashita, T. (2011). Activated

microglia inhibit axonal growth through RGMa. PLoS ONE 6:e25234.

doi: 10.1371/journal.pone.0025234

Lai, B. Q., Che, M. T., Du, B. L., Zeng, X., Ma, Y. H., Feng, B., et al.

(2016). Transplantation of tissue engineering neural network and formation

of neuronal relay into the transected rat spinal cord. Biomaterials 109, 40–54.

doi: 10.1016/j.biomaterials.2016.08.005

Lang, B. T., Cregg, J. M., DePaul, M. A., Tran, A. P., Xu, K., Dyck, S. M., et al.

(2015). Modulation of the proteoglycan receptor PTPsigma promotes recovery

after spinal cord injury. Nature 518, 404–408. doi: 10.1038/nature13974

Leach, M. K., Feng, Z. Q., Gertz, C. C., Tuck, S. J., Regan, T. M., Naim, Y.,

et al. (2011). The culture of primary motor and sensory neurons in defined

media on electrospun poly-L-lactide nanofiber scaffolds. J. Vis. Exp. 48:e2389.

doi: 10.3791/2389

Lee, H., Lee, J. K., Park, M. H., Hong, Y. R., Marti, H. H., Kim, H., et al.

(2014). Pathological roles of the VEGF/SphK pathway in Niemann-Pick type

C neurons. Nature Commun. 5:5514. doi: 10.1038/ncomms6514

Li, L., Oppenheim, R. W., Lei, M., and Houenou, L. J. (1994). Neurotrophic agents

prevent motoneuron death following sciatic nerve section in the neonatal

mouse. J. Neurobiol. 25, 759–766. doi: 10.1002/neu.480250702

Liu, K., Tedeschi, A., Park, K. K., and He, Z. (2011). Neuronal intrinsic

mechanisms of axon regeneration. Annu. Rev. Neurosci. 34, 131–152.

doi: 10.1146/annurev-neuro-061010-113723

McCubrey, J. A., Steelman, L. S., Abrams, S. L., Lee, J. T., Chang, F., Bertrand, F.

E., et al. (2006). Roles of the RAF/MEK/ERK and PI3K/PTEN/AKT pathways

in malignant transformation and drug resistance. Adv. Enzyme Regul. 46,

249–279. doi: 10.1016/j.advenzreg.2006.01.004

Merrill, M. J., and Oldfield, E. H. (2005). A reassessment of vascular endothelial

growth factor in central nervous system pathology. J. Neurosurg. 103, 853–868.

doi: 10.3171/jns.2005.103.5.0853

Mukhamedshina, Y. O., Garanina, E. E., Masgutova, G. A., Galieva, L. R., Sanatova,

E. R., Chelyshev, Y. A., et al. (2016). Assessment of glial scar, tissue sparing,

behavioral recovery and axonal regeneration following acute transplantation of

genetically modified human umbilical cord blood cells in a rat model of spinal

cord contusion. PLoS ONE 11:e0151745. doi: 10.1371/journal.pone.0151745

Mukhopadhyay, G., Doherty, P., Walsh, F. S., Crocker, P. R., and Filbin, M. T.

(1994). A novel role formyelin-associated glycoprotein as an inhibitor of axonal

regeneration. Neuron 13, 757–767. doi: 10.1016/0896-6273(94)90042-6

Nicola, F. D., Marques, M. R., Odorcyk, F., Arcego, D. M., Petenuzzo, L.,

Aristimunha, D., et al. (2017). Neuroprotector effect of stem cells from human

exfoliated deciduous teeth transplanted after traumatic spinal cord injury

involves inhibition of early neuronal apoptosis. Brain Res. 1663, 95–105.

doi: 10.1016/j.brainres.2017.03.015

Oh, J. S., An, S. S., Gwak, S. J., Pennant, W. A., Kim, K. N., Yoon, D. H., et al.

(2012). Hypoxia-specific VEGF-expressing neural stem cells in spinal cord

injury model. Neuroreport 23, 174–178. doi: 10.1097/WNR.0b013e32834f4f3a

Park, S. S., Lee, Y. J., Lee, S. H., Lee, D., Choi, K., Kim, W. H., et al. (2012).

Functional recovery after spinal cord injury in dogs treated with a combination

of Matrigel and neural-induced adipose-derived mesenchymal Stem cells.

Cytotherapy 14, 584–597. doi: 10.3109/14653249.2012.658913

Patel, B. N., Dunn, R. J., Jeong, S. Y., Zhu, Q., Julien, J. P., and David, S. (2002).

Ceruloplasmin regulates iron levels in the CNS and prevents free radical injury.

J. Neurosci. 22, 6578–6586.

Pearson, G., Robinson, F., Beers Gibson, T., Xu, B. E., Karandikar, M., Berman, K.,

et al. (2001). Mitogen-activated protein (MAP) kinase pathways: regulation and

physiological functions. Endocr. Rev. 22, 153–183. doi: 10.1210/er.22.2.153

Popovich, P. G., Guan, Z., Wei, P., Huitinga, I., van Rooijen, N., and Stokes, B. T.

(1999). Depletion of hematogenous macrophages promotes partial hindlimb

recovery and neuroanatomical repair after experimental spinal cord injury.

Exp. Neurol. 158, 351–365. doi: 10.1006/exnr.1999.7118

Qi, C., Liu, S., Qin, R., Zhang, Y., Wang, G., Shang, Y., et al. (2014). Coordinated

regulation of dendrite arborization by epigenetic factors CDYL and EZH2.

J. Neurosci. 34, 4494–4508. doi: 10.1523/JNEUROSCI.3647-13.2014

Ramón-Cueto, A., Cordero, M. I., Santos-Benito, F. F., and Avila, J. (2000).

Functional recovery of paraplegic rats and motor axon regeneration in

their spinal cords by olfactory ensheathing glia. Neuron 25, 425–435.

doi: 10.1016/S0896-6273(00)80905-8

Rossi, S. L., and Keirstead, H. S. (2009). Stem cells and spinal cord regeneration.

Curr. Opin. Biotechnol. 20, 552–562. doi: 10.1016/j.copbio.2009.09.008

Rossignol, S. (2006). Plasticity of connections underlying locomotor recovery after

central and/or peripheral lesions in the adult mammals. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 361, 1647–1671. doi: 10.1098/rstb.2006.1889

Rossignol, S., and Frigon, A. (2011). Recovery of locomotion after spinal cord

injury: some facts and mechanisms. Annu. Rev. Neurosci. 34, 413–440.

doi: 10.1146/annurev-neuro-061010-113746

Saban, M. R., Backer, J. M., Backer, M. V., Maier, J., Fowler, B., Davis, C.

A., et al. (2008). VEGF receptors and neuropilins are expressed in the

urothelial and neuronal cells in normal mouse urinary bladder and are

upregulated in inflammation. Am. J. Physiol. Renal Physiol. 295, F60–F72.

doi: 10.1152/ajprenal.00618.2007

Sanchez, A., Wadhwani, S., and Grammas, P. (2010). Multiple neurotrophic

effects of VEGF on cultured neurons. Neuropeptides 44, 323–331.

doi: 10.1016/j.npep.2010.04.002

Scheff, S. W., Saucier, D. A., and Cain, M. E. (2002). A statistical method for

analyzing rating scale data: the BBB locomotor score. J. Neurotrauma 19,

1251–1260. doi: 10.1089/08977150260338038

Seiler, S., Di Santo S., Sahli, S., Andereggen, L., and Widmer, H. R. (2017).

Nogo-receptor 1 antagonization in combination with neurotrophin-4/5 is not

superior to single factor treatment in promoting survival and morphological

complexity of cultured dopaminergic neurons. Brain Res. 1668, 56–64.

doi: 10.1016/j.brainres.2017.05.015

Shen, Z., Zhou, Z., Gao, S., Guo, Y., Gao, K., Wang, H., et al. (2017). Melatonin

inhibits neural cell apoptosis and promotes locomotor recovery via activation

of the wnt/beta-catenin signaling pathway after spinal cord injury. Neurochem.

Res. 42, 2336–2343. doi: 10.1007/s11064-017-2251-7

Shore, P. M., Jackson, E. K., Wisniewski, S. R., Clark, R. S., Adelson, P. D.,

and Kochanek, P. M. (2004). Vascular endothelial growth factor is increased

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 November 2017 | Volume 11 | Article 381

https://doi.org/10.1089/08977150252807009
https://doi.org/10.1046/j.1460-9568.2002.01932.x
https://doi.org/10.1038/nature16499
https://doi.org/10.1089/neu.2008.0779
https://doi.org/10.4103/1673-5374.205080
https://doi.org/10.7554/eLife.02439
https://doi.org/10.1038/sc.2011.111
https://doi.org/10.1016/S0169-328X(98)00190-9
https://doi.org/10.1007/s11011-014-9531-6
https://doi.org/10.3390/ijms18030548
https://doi.org/10.1016/j.devbrainres.2003.09.022
https://doi.org/10.1371/journal.pone.0025234
https://doi.org/10.1016/j.biomaterials.2016.08.005
https://doi.org/10.1038/nature13974
https://doi.org/10.3791/2389
https://doi.org/10.1038/ncomms6514
https://doi.org/10.1002/neu.480250702
https://doi.org/10.1146/annurev-neuro-061010-113723
https://doi.org/10.1016/j.advenzreg.2006.01.004
https://doi.org/10.3171/jns.2005.103.5.0853
https://doi.org/10.1371/journal.pone.0151745
https://doi.org/10.1016/0896-6273(94)90042-6
https://doi.org/10.1016/j.brainres.2017.03.015
https://doi.org/10.1097/WNR.0b013e32834f4f3a
https://doi.org/10.3109/14653249.2012.658913
https://doi.org/10.1210/er.22.2.153
https://doi.org/10.1006/exnr.1999.7118
https://doi.org/10.1523/JNEUROSCI.3647-13.2014
https://doi.org/10.1016/S0896-6273(00)80905-8
https://doi.org/10.1016/j.copbio.2009.09.008
https://doi.org/10.1098/rstb.2006.1889
https://doi.org/10.1146/annurev-neuro-061010-113746
https://doi.org/10.1152/ajprenal.00618.2007
https://doi.org/10.1016/j.npep.2010.04.002
https://doi.org/10.1089/08977150260338038
https://doi.org/10.1016/j.brainres.2017.05.015
https://doi.org/10.1007/s11064-017-2251-7
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Li et al. VEGF and Spinal Cord Injury

in cerebrospinal fluid after traumatic brain injury in infants and children.

Neurosurgery 54, 605–611. doi: 10.1227/01.NEU.0000108642.88724.DB

Silva, N. A., Sousa, N., Reis, R. L., and Salgado, A. J. (2014). From basics to clinical:

a comprehensive review on spinal cord injury. Prog. Neurobiol. 114, 25–57.

doi: 10.1016/j.pneurobio.2013.11.002

Sivasankaran, R., Pei, J., Wang, K. C., Zhang, Y. P., Shields, C. B., Xu, X. M.,

et al. (2004). PKC mediates inhibitory effects of myelin and chondroitin

sulfate proteoglycans on axonal regeneration. Nat. Neurosci. 7, 261–268.

doi: 10.1038/nn1193

Skirgaudas, M., Awad, I. A., Kim, J., Rothbart, D., and Criscuolo, G. (1996).

Expression of angiogenesis factors and selected vascular wall matrix proteins

in intracranial saccular aneurysms. Neurosurgery 39, 537–545; discussion:

545–537.

Sköld, M., Cullheim, S., Hammarberg, H., Piehl, F., Suneson, A., Lake, S., et al.

(2000). Induction of VEGF and VEGF receptors in the spinal cord after

mechanical spinal injury and prostaglandin administration. Eur. J. Neurosci.

12, 3675–3686. doi: 10.1046/j.1460-9568.2000.00263.x

Stenudd, M., Sabelström, H., and Frisén, J. (2015). Role of endogenous neural

stem cells in spinal cord injury and repair. JAMA Neurol. 72, 235–237.

doi: 10.1001/jamaneurol.2014.2927

Storkebaum, E., Lambrechts, D., and Carmeliet, P. (2004). VEGF: once regarded

as a specific angiogenic factor, now implicated in neuroprotection. Bioessays

26, 943–954. doi: 10.1002/bies.20092

Tillakaratne, N. J. K., Guu, J. J., de Leon, R. D., Bigbee, A. J., London, N. J.,

Zhong, H., et al. (2010). Functional recovery of stepping in rats after a complete

neonatal spinal cord transection is not due to regrowth across the lesion site.

Neuroscience 166, 23–33. doi: 10.1016/j.neuroscience.2009.12.010

Wakabayashi, Y., Komori, H., Kawa-Uchi, T., Mochida, K., Takahashi, M.,

Qi, M., et al. (2001). Functional recovery and regeneration of descending

tracts in rats after spinal cord transection in infancy. Spine 26, 1215–1222.

doi: 10.1097/00007632-200106010-00009

Wang, H., Wang, Y., Li, D., Liu, Z., Zhao, Z., Han, D., et al. (2015). VEGF

inhibits the inflammation in spinal cord injury through activation of autophagy.

Biochem. Biophys. Res. Commun. 464, 453–458. doi: 10.1016/j.bbrc.2015.06.146

Wang, K. C., Koprivica, V., Kim, J. A., Sivasankaran, R., Guo, Y., Neve, R. L., et al.

(2002). Oligodendrocyte-myelin glycoprotein is a Nogo receptor ligand that

inhibits neurite outgrowth. Nature 417, 941–944. doi: 10.1038/nature00867

Willerslev-Olsen, M., Petersen, T. H., Farmer, S. F., and Nielsen, J. B. (2015). Gait

training facilitates central drive to ankle dorsiflexors in children with cerebral

palsy. Brain 138, 589–603. doi: 10.1093/brain/awu399

Xia, X., Qu, B., Ma, Y., Yang, L. B., Huang, H. D., Cheng, J. M., et al. (2014).

Analyzing time-series microarray data reveals key genes in spinal cord injury

(Retracted article. See vol. 42, pg. 1485, 2015). Mol. Biol. Rep. 41, 6827–6835.

doi: 10.1007/s11033-014-3568-9

Xu, J., Hu, C., Chen, S., Shen, H., Jiang, Q., Huang, P., et al. (2017). Neuregulin-

1 protects mouse cerebellum against oxidative stress and neuroinflammation.

Brain Res. 1670, 32–43. doi: 10.1016/j.brainres.2017.06.012

Xu, S., Wu, Q., Guo, G., and Ding, X. (2015). The protective effects of

urocortin1 against intracerebral hemorrhage by activating jnk1/2 and p38

phosphorylation and further increasing vegf via corticotropin-releasing

factor receptor 2. Neurosci. Lett. 589, 31–36. doi: 10.1016/j.neulet.2015.

01.015

Yin, X., Yin, Y., Cao, F. L., Chen, Y. F., Peng, Y., Hou, W. G., et al. (2012).

Tanshinone IIA attenuates the inflammatory response and apoptosis after

traumatic injury of the spinal cord in adult rats. PLoS ONE 7:e38381.

doi: 10.1371/journal.pone.0038381

Yuan, Q., Hu, B., So, K. F., and Wu, W. (2006). Age-related reexpression

of p75 in axotomized motoneurons. Neuroreport 17, 711–715.

doi: 10.1097/01.wnr.0000214390.35480.1a

Yuan, Q., Su, H., Chiu, K., Wu, W., and Lin, Z. X. (2013). Contrasting

neuropathology and functional recovery after spinal cord injury in developing

and adult rats. Neurosci. Bull. 29, 509–516. doi: 10.1007/s12264-013-1356-5

Yuan, X. B., Jin, M., Xu, X., Song, Y. Q., Wu, C. P., Poo, M. M., et al. (2003).

Signalling and crosstalk of Rho GTPases in mediating axon guidance. Nat. Cell

Biol. 5, 38–45. doi: 10.1038/ncb895

Zeng, X., Qiu, X. C., Ma, Y. H., Duan, J. J., Chen, Y. F., Gu, H. Y., et al. (2015).

Integration of donor mesenchymal stem cell-derived neuron-like cells into

host neural network after rat spinal cord transection. Biomaterials 53, 184–201.

doi: 10.1016/j.biomaterials.2015.02.073

Zhang, J., Ji, F., Liu, Y. L., Lei, X. P., Li, H., Ji, G. J., et al. (2014). Ezh2 regulates

adult hippocampal neurogenesis and memory. Journal of Neuroscience 34,

5184–5199. doi: 10.1523/JNEUROSCI.4129-13.2014

Zhou, Z., Chen, S., Zhao, H., Wang, C., Gao, K., Guo, Y., et al.

(2016). Probucol inhibits neural cell apoptosis via inhibition of mtor

signaling pathway after spinal cord injury. Neuroscience 329, 193–200.

doi: 10.1016/j.neuroscience.2016.05.019

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Li, Chen, Zhao, Luo, Hou, Li, He, Zhou and Wu. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 November 2017 | Volume 11 | Article 381

https://doi.org/10.1227/01.NEU.0000108642.88724.DB
https://doi.org/10.1016/j.pneurobio.2013.11.002
https://doi.org/10.1038/nn1193
https://doi.org/10.1046/j.1460-9568.2000.00263.x
https://doi.org/10.1001/jamaneurol.2014.2927
https://doi.org/10.1002/bies.20092
https://doi.org/10.1016/j.neuroscience.2009.12.010
https://doi.org/10.1097/00007632-200106010-00009
https://doi.org/10.1016/j.bbrc.2015.06.146
https://doi.org/10.1038/nature00867
https://doi.org/10.1093/brain/awu399
https://doi.org/10.1007/s11033-014-3568-9
https://doi.org/10.1016/j.brainres.2017.06.012
https://doi.org/10.1016/j.neulet.2015.01.015
https://doi.org/10.1371/journal.pone.0038381
https://doi.org/10.1097/01.wnr.0000214390.35480.1a
https://doi.org/10.1007/s12264-013-1356-5
https://doi.org/10.1038/ncb895
https://doi.org/10.1016/j.biomaterials.2015.02.073
https://doi.org/10.1523/JNEUROSCI.4129-13.2014
https://doi.org/10.1016/j.neuroscience.2016.05.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Effect of VEGF on Inflammatory Regulation, Neural Survival, and Functional Improvement in Rats following a Complete Spinal Cord Transection
	Introduction
	Materials and Methods
	Animals
	Surgical Procedures for Complete ST
	Recombinant VEGF
	Treatment and Grouping
	Cytokine and Chemokine Analysis
	Assessment of Locomotor Function
	BBB Scale and Grid Climbing Test
	Electrophysiology

	Pseudorabies Virus (PRV) Tracing
	Tissue Processing
	Histology and Immunohistochemistry
	Cell Counts
	Primary Culture and Treatment of Rat Spinal Motoneurons
	Western Blot Analysis
	Statistical Analysis

	Results
	Spinal Cords from Neonates Maintain Higher VEGF Expression than Those from Adults after Complete ST
	VEGF Treatment Improves Locomotor Recovery in Rats after Complete ST
	VEGF Facilitates Neuronal Survival and Local Network Reorganization below Injury Sites after ST Injury
	VEGF Prevents Inflammation in Chronic Periods of Repair after ST
	VEGF Facilitates Neuronal Survival and Neurite Growth in LPS-Induced Motoneuron Culture
	VEGF Effect Is through the MAPK Signaling Pathway

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


