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Abstract: Introduction: Angiogenesis in the central nervous system is visible in animal models of neu-
roinflammation and bone cancer pain. However, whether spinal angiogenesis exists and contributes
to central sensitization in neuropathic pain remains unclear. This study analyzes the impact of angio-
genesis on spinal neuroinflammation in neuropathic pain. Methods: Rats with chronic constriction
injury (CCI) to the sciatic nerve underwent the implantation of an intrathecal catheter. Fumagillin
or vascular endothelial growth factor-A antibody (anti-VEGF-A) was administered intrathecally.
Nociceptive behaviors, cytokine immunoassay, Western blot, and immunohistochemical analysis
assessed the effect of angiogenesis inhibition on CCI-induced neuropathic pain. Results: VEGF,
cluster of differentiation 31 (CD31), and von Willebrand factor (vWF) expressions increased after CCI
in the ipsilateral lumbar spinal cord compared to that in the contralateral side of CCI and control
rats from post-operative day (POD) 7 to 28, with a peak at POD 14. Tumor necrosis factor-α (TNF-α),
interleukin-1β (IL-1β), and IL-6 concentrations, but not IL-10 levels, also increased in the ipsilateral
spinal cord after CCI. Fumagillin and anti-VEGF-A reduced CCI-induced thermal hyperalgesia from
POD 5 to 14 and mechanical allodynia from POD 3 to 14. Fumagillin reduced CCI-upregulated
expressions of angiogenic factors and astrocytes. Furthermore, fumagillin decreased TNF-α and IL-6
amounts and increased IL-10 levels at POD 7 and 14, but not IL-1β concentrations. Conclusions:
Fumagillin significantly ameliorates CCI-induced nociceptive sensitization, spinal angiogenesis,
and astrocyte activation. Our results suggest that angiogenesis inhibitor treatment suppresses pe-
ripheral neuropathy-induced central angiogenesis, neuroinflammation, astrocyte activation, and
neuropathic pain.
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1. Introduction

The central nervous system (CNS) is composed of various cells, including neurons and
glial cells. It consumes a large amount of oxygen and energy under normal (20% of the total
body oxygen demand at rest) and pathological conditions. The CNS is highly vascularized,
as evidenced by the high blood flow in the normal human adult brain (50 mL/min/100 g)
or in the monkey spinal cord (10–20 mL/min/100 g) at rest [1]. Vascular cells, in close
contact with neurons and glial cells, form the neurovascular unit [2]. Additionally, higher
blood flow and metabolic rate in gray matter, compared to those in white matter, implies
that neurons and glia cells require profuse blood flow to support their normal functions.
Autoregulation, oxygen, carbon dioxide, neurovascular coupling, neuron-astrocyte regula-
tion, metabolic by-products, neurotransmitters, and ion channels control cerebral blood
flow [3–6]. Astrocytes, the most abundant glial cells in the CNS, extend processes in contact
with blood vessels and synapses and play supportive roles in regulating blood flow and
synaptic transmission, maintaining synaptic homeostasis in physiological conditions, and
distributing metabolism substrates in pathological situations, including stroke, seizure,
neuroinflammation, and central sensitization in chronic pain [7–12].

Lesions or dysfunctions of the nervous system result in nociceptive hypersensitization,
neuronal/synaptic plasticity, and neuroinflammation. They upregulate inflammatory
mediator production, immune cell infiltration, and neuronal–glial activation in the CNS,
contributing to central sensitization and the development of neuropathic pain [13]. The
elevated cellular/synaptic activities and increased nociceptive signal transduction observed
during central sensitization require an adequate blood flow to the CNS to supply the
necessary oxygen and nutrients. Transcranial doppler sonography reveals alterations in
cerebral blood flow in acute pain processing in patients with fibromyalgia. Additionally,
magnetic resonance spectroscopy studies revealed diminished brain energy reserve in
patients with migraine attacks [14,15]. Angiogenesis, a process promoting the formation of
new blood vessels from preexisting vessels, occurs in physiological (including reproduction,
tissue repair, and wound healing) and pathological (including arthritis, diabetic retinopathy,
and cancer) conditions. It is characterized by an elevated metabolic demand [16–18].
Central neuroinflammation in conjunction with angiogenesis, i.e., increased blood vessel
densities and vascular endothelial growth factor (VEGF) expression in the spinal cord, has
been shown in human multiple sclerosis and rodent models of experimental autoimmune
encephalomyelitis (EAE) and seizure [19–22]. Chronic constriction injury (CCI) of the
sciatic nerve generates long-term neuropathic pain.

Moreover, it induces a regional increase of blood flow in multiple brain structures
that parallel the nociceptive behavioral changes in rats, as evidenced using technetium-
99m [99mTc] neuroimaging examination [23,24]. A correlation between these phenomena
suggests that angiogenesis in the CNS is critical for developing central sensitization to pain.
Intrathecal administration of VEGF-A antibodies or VEGF receptor inhibitors attenuates
the pain in rat models of bone metastasis from breast cancer and CCI [25,26]. However, the
relationship between increased blood flow in the CNS and central nociceptive sensitization
in neuropathic pain remains unclear.

Fumagillin, a mycotoxin produced by Aspergillus fumigatus, has antibiotic and anti-
angiogenic properties. It covalently binds and inhibits methionine aminopeptidase type 2
(MetAP2) to hinder endothelial cell proliferation, angiogenesis, and tumor-induced neo-
vascularization [27] and has been used in conjunction with anti-tumor therapy such as
5-fluorouracil and the dendritic cell tumor vaccine to inhibit tumor and prevent metasta-
sis [28]. MetAP2 overexpression occurs in human neurofibromatosis (NF) 1-associated pilo-
cytic astrocytoma tumors, mouse Nf1 optic pathway glioma tumors, and the cerebrospinal
fluid of Nf1+/−GFAP conditional knockout mice [29]. Fumagillin not only significantly
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reduces Nf1−/− astrocyte proliferation in vitro [29] but also suppresses its formation by
reducing the branching point numbers of capillary-like structures in an in vitro model
consisting of human brain microvascular endothelial cells, pericytes, and astrocytes plated
on a gel matrix [30].

The following points regarding the link between angiogenesis and neuropathic pain
require clarification: (1) Is there angiogenesis, and are angiogenesis factors upregulated in
the spinal cord in neuropathic pain? (2) Is spinal angiogenesis involved in neuroinflam-
mation development (e.g., regulation of pro-inflammatory/anti-inflammatory cytokine
homeostasis and astrocyte activation) and pain processing in neuropathic pain? (3) Have
anti-angiogenic factors any therapeutic effect on neuropathic pain? We hypothesize that
spinal angiogenesis occurs during the development/maintenance of neuropathic pain and
that treatment with fumagillin will suppress the peripheral neuropathy-induced central
angiogenesis that leads to neuropathic pain.

2. Materials and Methods
2.1. Animal Preparation

All experiments and animal use were approved by the Institutional Animal Care
and Use Committee of National Sun Yat-sen University (Approval No. IACUC-10447) on
1st February 2016; the use of animals conformed to the Guiding Principles in the Care
and Use of Animals, published by the American Physiological Society. All efforts were
exerted to minimize the number of animals used and their suffering. Adult male Wistar
rats (250–285 g; BioLASCO Taiwan Co., Taipei, Taiwan) were used for all experiments.
The rats were housed in plexiglass cages in a temperature-controlled (22 ± 1 ◦C) and
12 h light/dark-scheduled room, with free access to food and water. All operations and
drug injections were performed under 2–3% isoflurane inhalation anesthesia and aseptic
preparation. Post-operative care included the topical application of 10% povidone–iodine
solution and intramuscular injection of cefazolin (170 mg/kg) to prevent infection, lidocaine
infiltration to reduce pain, and individual housing. Rats with locomotor dysfunction after
intrathecal (i.t.) catheterization and operation on post-operative day (POD) 3 were excluded
from the study, and each rat was used for a single experiment only. After various drug
treatments, rats that developed motor deficits or abnormal nociceptive behaviors (such
as vocalizations and flaccidity) were also excluded from experiments. In our study, we
also examined the gross appearance of the spinal cord after the removal of the spinal cord.
The spinal cord specimen was discarded and excluded from the subsequent Western blot
and immunohistochemical analyses if we found any petechiae, hematoma, or gross spinal
cord, even without motor deficit. In addition, the rats for the nociceptive behavior study
were also sacrificed after the completion of the experiment, and their spinal cords were
examined. Only the rats without hematoma or injury in their spinal cord were included for
the analysis of behavioral data. Therefore, we are confident that the observed biochemical
and biological effects were not evoked by the deployment of the intrathecal catheter and
intrathecal treatment.

Fumagillin and anti-VEGF antibody were delivered in 10 µL artificial cerebrospinal
fluid (aCSF), which consisted of 122.7 mM Cl−, 21.0 mM HCO3

−, 2.5 mM HPO4
2−,

151.1 mM Na+, 0.9 mM Mg2+, 1.3 mM Ca2+, 3.5 mM dextrose, and 2.6 mM K+. The
rats were randomly assigned to one of four groups: (i) the control group (sham operation)—
the rats received aCSF i.t. injection; (ii) the chronic constriction injury (CCI) group—the
rats received i.t. aCSF; (iii) the CCI + fumagillin group—the rats received i.t. fumagillin
(0.1 µg/day); (iv) the CCI + anti-VEGF group— the rats received i.t. anti-VEGF-A mon-
oclonal antibody (0.3 µg/day). All experimenters were blinded to the group allocation
except for the principal investigator and the researcher who performed the sham operation.
All i.t. catheters were flushed with 10 µL aCSF to consider the 3.5 µL dead volume of the
i.t. catheter to ensure complete drug delivery.
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2.2. Induction of Peripheral Neuropathy by CCI of the Sciatic Nerve

We performed either the CCI or sham operation to the right sciatic nerve of rats
immediately after i.t. catheterization, as conducted in previous studies [7,31]. For the
sham-operated rats (control group), the operation was performed to expose the right sciatic
nerve without ligation.

2.3. Construction and Implantation of i.t. Catheter and i.t. Drug Injection

The i.t. catheter was prepared, and all rats were implanted with the i.t. catheter
through the atlanto–occipital membrane, advancing caudally to the lumbar enlargement
level of the spinal cord, for spinal drug administration, as previously described [31,32]. All
rats were intrathecally injected with either aCSF (vehicle) or drugs immediately after the
CCI or sham operation, as group allocated, once daily from POD 0–14.

2.4. Nociceptive Behavioral Assessment
2.4.1. Plantar Test for Thermal Stimulation

Paw withdrawal latency (PWL, in seconds) to the radiant heat produced by an anal-
gesiometer was applied to the right hindpaw (IITC Inc., Woodland Hills, CA, USA) to
assess the positive sign of nociceptive behavior (licking or withdrawal) to thermal stim-
ulation [7,33]. Rats were placed in compartmentalized clear plastic chambers onto an
elevated glass platform, and we positioned a radiant heat source with a low-intensity
heat to target the middle of the plantar surface with a cutoff time of 30 s to measure PWL.
PWL was assessed from the average of three tests and separated by 3 min at baseline and
different times after the i.t. injection by independent examiners who were unaware of the
allocated groups.

2.4.2. Von Frey Filament Test

Paw withdrawal threshold (PWT, in grams) in response to calibrated von Frey fila-
ments (Stoelting, Wood Dale, IL, USA) was applied to the right hindpaw to assess me-
chanical hyperalgesia/allodynia as a positive sign of nociceptive behavior, as previously
described [7,31]. The rats were placed in compartmentalized clear plastic chambers, which
were set on an elevated metal mesh floor; we applied a series of von Frey filaments to
the middle of the plantar region by Chaplan’s up–down method to determine the closest
filament to the threshold of pain response (licking or withdrawal) [34]. PWT was also
assessed from the average of three tests, separated by 3 min, by independent examiners.

2.4.3. Hot-Water Immersion Test

Tail-flick latency to hot-water immersion was measured within the distal 2 cm of
the tail immersed in 49 ◦C water at the time (seconds) of tail withdrawal due to heat
hyperalgesia. The analgesic effect was expressed as the percent of maximal possible
effect (% MPE) over time, and it was calculated for each dose and time point:
% MPE = 100%× (measured latency− baseline latency)/(cutoff latency− baseline latency).
The cutoff time for the hot-water immersion test was 20 s to minimize the possibility of
thermal injury [35]. Tail-flick latency was assessed from the average of three tests, separated
by 2 min, by independent examiners.

2.4.4. Narrow-Beam Walking Test

This test was used to assess the motor coordination of rat gait to maintain balance
to cross an elevated, narrow wooden beam (100 cm long, 4 cm wide, and 3 cm tall),
which was suspended 1 m from the table. The time for the rat to use all four feet on the
platform and traverse the whole length of the beam was measured, and the maximum
time allowed to accomplish the task was within 2 min, in accordance with the study of
Allbutt and Henderson [36]. Three successful trials were conducted, separated by 2 min,
by independent examiners who were unaware of the allocated experimental groups.
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2.4.5. Weight Bearing Test

For the measurement of the hindpaw weight-bearing deficits (i.e., the change in
hindpaw weight distribution), the rats were allowed to place their hindpaws onto the
two force transducers of an incapacitance tester (Singa Technology Corporation, Taoyuan,
Taiwan), as described in our previous study [7]. The naive rats distributed weight equally
between both their hindlimbs. However, after inducing inflammation or injury to one
hindlimb, the rats redistributed their weight to lower the weight bore by the affected
hindlimb. Changes in the hindpaw weight distribution (g) of rats were expressed as the
difference obtained by subtracting the weight distribution of the affected limb (ipsilateral
side) from that of the normal limb (contralateral side). An average of three tests, with 2 min
separation, was assessed by independent examiners.

2.5. Western Blotting

The rats were sacrificed under deep isoflurane anesthesia, and the dorsal part of the
lumbar spinal cord enlargement was collected by exsanguination on POD 3, 7, 14, and 28.
Western blotting analysis was performed as described previously [32,37]. The polyvinyli-
dene difluoride membranes were incubated with either rabbit polyclonal anti-VEGF anti-
body (1:1000 dilution, catalog no. 07-1420; EMD Millipore, Bedford, MA, USA) or mouse
monoclonal anti-β-actin antibody (1:5000 dilution; catalog no. A5441; Sigma-Aldrich,
St Louis, MO, USA), re-incubated with horseradish peroxidase-conjugated secondary anti-
bodies, and then measured by chemiluminescence. Densitometry was used to evaluate the
density of bands relative to the background, and β-actin was used as the internal control
for protein loading. Images were obtained using the UVP BioChemi Imaging System (UVP
LCC, Upland, CA, USA), and relative densitometric quantification was performed using
LabWorks 4.0 software (UVP LCC).

2.6. Immunohistochemical Assay

The immunohistochemistry protocol and quantification of images were performed as
previously described [7,32]. Briefly, under deep isoflurane anesthesia (5%), the rats were
transcardially perfused with cold phosphate-buffered saline (PBS) (pH 7.4) with heparin
(0.2 U/mL), followed by ice-cold 4% paraformaldehyde in PBS on POD 7, 14, 21, and 28.
Lumbar enlargement of the spinal cord was harvested, mounted on a tissue block, cut
into 20 µm-thick sections, mounted serially onto microscope slides, and processed for
immunofluorescence studies. These sections were incubated with a blocking buffer for 1 h
and then incubated with either primary antibodies overnight at 4 ◦C: mouse monoclonal
anti-glial fibrillary acidic protein antibody (GFAP; astrocytic marker, 1:200 dilution, catalog
no. MAB3402; EMD Millipore, Temecula, CA, USA), rabbit polyclonal anti-von Willebrand
factor antibody (vWF, 1:250 dilution, catalog no. GTX60934; GeneTex, Irvine, CA, USA),
rabbit polyclonal anti-VEGF antibody (1:200 dilution, catalog no. 07-1420; EMD Millipore,
Temecula, CA, USA), and mouse monoclonal anti-CD31 antibody (cluster of differentiation
31 or platelet endothelial cell adhesion molecule-1, 1:200 dilution, catalog no. ab64543;
Abcam, Cambridge, MA, USA). After washing in PBS, the sections were incubated with
either Alexa Fluor 488-labeled chicken anti-mouse IgG antibody (1:400 dilution, catalog
no. A-21200; Molecular Probes, Eugene, OR, USA; green fluorescence) or DyLight 549-
conjugated donkey anti-rabbit secondary antibody (1:400 dilution; catalog no. 711-506-152;
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA; red fluorescence).

The sections were examined under a Leica DM-6000B fluorescence microscope (Leica,
Wetzlar, Germany) equipped with a CCD Spot Xplorer integrating camera (Diagnostic
Instruments, Inc., Sterling Heights, MI, USA) and analyzed by SPOT software (Diagnostic
Instruments Inc., USA). Image J software (National Institutes of Health, Bethesda, MD,
USA) was used for pixel measurement and analysis. For quantification of immunofluo-
rescence acquired from lamina I to lamina IV in the spinal cord dorsal horn (SCDH), four
randomly selected sections were measured in each rat, and the means of 3 rats in each
group were calculated. The sizes and conditions of the image captures and views were
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kept constant at each side of SCDH, and pixel measurement and analysis were performed
with MetaVue Imaging software (Molecular Devices Corporation, Sunnyvale, CA, USA).
The immunoreactivity level data are shown as the fold change relative to the control group,
which was considered to represent a fold change of 1.

2.7. Measurement of Cytokine Concentrations in the Spinal Cord

The rats were sacrificed by decapitation under deep isoflurane anesthesia, and the
spinal cord was collected by exsanguination. The dorsal part of the lumbar enlargement of
the spinal cord was immediately dissected from the right and left sides on ice and flash
frozen in 2 mL microcentrifuge tubes at −80 ◦C until processing. The tissue samples were
homogenized by sonication in 1 mL ice-cold PBS in the presence of a protease inhibitor
cocktail (1:100 dilution; P8340, Sigma-Aldrich, St. Louis, MO, USA) and centrifuged at
12,000× g for 15 min. The supernatants were collected and stored at −80 ◦C until analysis.
Total protein was determined using a DC Protein Assay Reagents Package (catalog no.
5000116; Bio-Red Laboratories, Hercules, CA, USA), and 2 mg/mL total protein was used
for the analysis. The concentrations of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), IL-6, and IL-10 were analyzed using a Bio-Plex ProTM Rat Cytokine and TGF-β 4-Plex
Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA). In brief, we added 50 µL beads to the
well and washed them twice. Then, we added 50 µL of homogenates and incubated them
with the antibody-coupled beads for 60 min at room temperature. After washing three times
to remove unbound materials, the beads were incubated with 25 µL biotinylated detection
antibodies for 30 min at room temperature. After washing away the unbound biotinylated
antibodies thrice, the beads were incubated with 50 µL streptavidin–phycoerythrin for
10 min at room temperature. Following the removal of excess streptavidin–phycoerythrin
after three washes, the beads were re-suspended in 125 µL of assay buffer. Finally, the
beads were read on a Bio-Plex suspension array system, and the data were analyzed using
the Bio-Plex Manager software.

2.8. Drug Preparation

The anti-VEGF-A monoclonal antibody (catalog no.05-443; Millipore, Bedford, MA,
USA) was dissolved in physiological saline and prepared for i.t. injection at a concentration
of 0.3 µg/10 µL. Fumagillin (F6771; Sigma-Aldrich, St Louis, MO, USA) was initially
dissolved in dimethyl sulfoxide at a concentration of 0.5 mg/mL and stored at −20 ◦C
in aliquots. This stock solution was then diluted in physiological saline for i.t. use at a
concentration of 0.1 µg/10 µL.

2.9. Statistical Analysis

Data are expressed as means ± standard error of means (SEMs). Changes in the
protein level and immunofluorescence reactivity were expressed relative to the values of
the control group. For statistical analyses, the differences between groups were calculated
using a one-way analysis of variance, followed by a post hoc Tukey test. We defined the
statistical significance as p < 0.05. Statistical analyses were performed by using SPSS for
Windows version 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Animals

The experimental design is shown in the supplementary materials (Figure S1). In
brief, 147 rats were surgically prepared and intrathecally catheterized. Two rats displayed
locomotor dysfunctions and had not recovered on POD 3. Therefore, 145 rats were used in
the study.

3.2. Time-Dependent Changes of Spinal VEGF Protein Levels in CCI Rats

To determine whether angiogenesis occurs in the spinal cord, we evaluated VEGF
expression by Western blot and immunohistochemistry. VEGF immunoreactivity was
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significantly upregulated in the ipsilateral dorsal horn of the spinal cord after CCI at
POD 7, 14, 21, and 28 (22.4-fold, p < 0.001; 23.3-fold, p < 0.001; 15.1-fold, p = 0.0017; and
4.1-fold, p = 0.002; respectively), but not in the contralateral side (1.2-, 1.5-, 1.0-, and 1.1-
folds, respectively; all p > 0.05), compared to VEGF staining in controls (POD 7 after sham
operation) (n = 3 per group; Figure 1A,B). In addition, VEGF immunoreactivity was also
significantly upregulated in the ipsilateral SCDH after CCI at POD 7, 14, 21, and 28 (22.4-
vs. 1.2-fold, p < 0.001; 23.3- vs. 1.5-fold, p < 0.001; 15.1- vs. 1-fold, p = 0.0015; and 4.1- vs.
1.1-fold, p < 0.001; respectively) compared to it in the contralateral side at the same time
point (n = 3 per group; Figure 1A,B). Western blot analyses also revealed increased VEGF
protein levels in the ipsilateral lumbar spinal cord dorsal part on POD 7, 14, and 28 (1.4-fold,
p = 0.019; 2.7-fold, p = 0.0019; and 2.0-fold, p = 0.0243; respectively) but not on POD 3
(1.2-fold, p = 0.18) after CCI (n = 4 per group; Figure 1C,D) compared to that in control
rats. Uncropped Western blots of VEGR and β-actin are shown in the supplementary
materials (Figure S2). There was no significant difference in VEGF protein content between
the contralateral spinal cord of CCI rats at POD 3, 7, 14, and 28 (1.1-, 1.0-, 1.2-, and 0.9-folds,
respectively; all p > 0.05) and the control group (n = 4 per group; Figure 1C,D). Similarly,
VEGF proteins were also significantly upregulated in the ipsilateral SCDH after CCI at
POD 7, 14, and 28 (1.4- vs. 0.9-fold, p = 0.0152; 2.7- vs. 1.2-fold, p = 0.0029; and 2.0- vs.
0.9-fold, p = 0.0246; respectively), but not at POD 3 (1.2- vs. 1.1-fold, p = 0.684) compared to
the contralateral side at the same time point (n = 4 per group; Figure 1C,D). These results
demonstrate that CCI induces the upregulation of VEGF expression in the ipsilateral spinal
cord from POD 7 to 28, with a peak at POD 14.

3.3. CCI Upregulates CD31 and vWF Protein Levels in the Spinal Cord in a Similar
Time-Dependent Manner

CD31 immunoreactivity was markedly increased from POD 7 to 28 after CCI, with
a peak at POD 14 in the ipsilateral SCDH compared to that in the control group (3.2-fold,
p = 0.002; 5.2-fold, p = 0.002; 4.4-fold, p = 0.031; and 3.3-fold, p = 0.015 at POD 7, 14, 21,
and 28, respectively), while it was not affected on the contralateral side (1.1-, 1.1-, 1.3-, and
1.3-folds; all p > 0.05) (n = 3 per group; Figure 2). In addition, CD31 immunoreactivity was
significantly upregulated in the ipsilateral SCDH after CCI at POD 7, 14, and 28 (3.2- vs.
1.1-fold, p < 0.001; 5.2- vs. 1.1-fold, p =0.0081; and 3.3- vs. 1.3-fold, p = 0.0299; respectively),
but not at POD 21 (4.4- vs. 1.3-fold, p = 0.052) compared to the contralateral side at the
same time point (n = 3 per group; Figure 2).

As shown in Figure 3, vWF immunoreactivity was significantly increased from POD 7
to 28 after CCI, with a peak at POD 14 in the ipsilateral spinal cord compared to that of
controls (2.3-fold, p = 0.00125; 2.7-fold, p < 0.001; 2.4-fold, p < 0.001; and 1.7-fold, p < 0.001
at POD 7, 14, 21, and 28, respectively), while there was no difference on the contralateral
side (1.1-, 1.2-, 1.2-, and 1.0-fold; all p > 0.05) (n = 3 per group). Furthermore, vWF
immunoreactivity was also significantly upregulated in the ipsilateral SCDH after CCI at
POD 7, 14, 21, and 28 (2.3- vs. 1.1-fold, p < 0.001; 2.7- vs. 1.2-fold, p < 0.001; 2.4- vs. 1.2-fold,
p = 0.023; and 1.7- vs. 1.0-fold, p = 0.0141; respectively) compared to the contralateral side
at the same time point (n = 3 per group; Figure 3). These data support the hypothesis that
CCI activates angiogenesis in the ipsilateral lumbar spinal cord.
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Figure 1. Immunohistochemistry and Western blot analyses of vascular endothelial growth factor (VEGF) expression in 
the rat lumbar spinal cord dorsal horn (SCDH) during the 28 days after induction of neuropathic pain by chronic con-
striction injury (CCI). (A) Representative VEGF immunofluorescence (red) in the ipsilateral SCDH of controls and CCI 
rats at post−operative day (POD) 7, 14, 21, and 28 (20−µm sections; magnification: 100×; scale bars: 300 µm). (B) Quantifi-
cation of immunofluorescence reactivity in the contralateral and ipsilateral SCDHs (4 sections per rat, 3 rats per group and 
each time point). (C) Representative VEGF and β−actin Western blots in the ipsilateral spinal cord of control rats and CCI 
rats at POD 3, 7, 14, and 28 (n = 3 at each group and each time point). (D) Quantification of the Western blot results. The 
loading control was β−actin, the quantification was performed on four rats per group, and values are expressed as means 
± standard error of means (SEMs). * p < 0.05 relative to the same side of controls; # p < 0.05 relative to the contralateral side 
of the same group at the same time point, one-way analysis of variance (ANOVA) with post hoc Tukey test. 
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CD31 immunoreactivity was markedly increased from POD 7 to 28 after CCI, with a 
peak at POD 14 in the ipsilateral SCDH compared to that in the control group (3.2-fold, p 
= 0.002; 5.2-fold, p = 0.002; 4.4-fold, p = 0.031; and 3.3-fold, p = 0.015 at POD 7, 14, 21, and 
28, respectively), while it was not affected on the contralateral side (1.1-, 1.1-, 1.3-, and 1.3-
folds; all p > 0.05) (n = 3 per group; Figure 2). In addition, CD31 immunoreactivity was 
significantly upregulated in the ipsilateral SCDH after CCI at POD 7, 14, and 28 (3.2- vs. 
1.1-fold, p < 0.001; 5.2- vs. 1.1-fold, p =0.0081; and 3.3- vs. 1.3-fold, p = 0.0299; respectively), 
but not at POD 21 (4.4- vs. 1.3-fold, p = 0.052) compared to the contralateral side at the 
same time point (n = 3 per group; Figure 2). 

Figure 1. Immunohistochemistry and Western blot analyses of vascular endothelial growth factor (VEGF) expression in the
rat lumbar spinal cord dorsal horn (SCDH) during the 28 days after induction of neuropathic pain by chronic constriction
injury (CCI). (A) Representative VEGF immunofluorescence (red) in the ipsilateral SCDH of controls and CCI rats at
post−operative day (POD) 7, 14, 21, and 28 (20−µm sections; magnification: 100×; scale bars: 300 µm). (B) Quantification of
immunofluorescence reactivity in the contralateral and ipsilateral SCDHs (4 sections per rat, 3 rats per group and each time
point). (C) Representative VEGF and β−actin Western blots in the ipsilateral spinal cord of control rats and CCI rats at POD
3, 7, 14, and 28 (n = 3 at each group and each time point). (D) Quantification of the Western blot results. The loading control
was β−actin, the quantification was performed on four rats per group, and values are expressed as means ± standard error
of means (SEMs). * p < 0.05 relative to the same side of controls; # p < 0.05 relative to the contralateral side of the same group
at the same time point, one-way analysis of variance (ANOVA) with post hoc Tukey test.
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side (1.1-, 1.2-, 1.2-, and 1.0-fold; all p > 0.05) (n = 3 per group). Furthermore, vWF immu-
noreactivity was also significantly upregulated in the ipsilateral SCDH after CCI at POD 
7, 14, 21, and 28 (2.3- vs. 1.1-fold, p < 0.001; 2.7- vs. 1.2-fold, p < 0.001; 2.4- vs. 1.2-fold, p = 
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Figure 2. Representative cluster of differentiation 31 (CD31) immunostaining in the rat lumbar spinal cord dorsal horn
(SCDH) over a 28−day period of chronic constriction injury (CCI)−induced neuropathic pain. (A) Representative CD31
immunofluorescence (green) in the ipsilateral SCDH of control rats and CCI rats at post−operative day (POD) 7, 14, 21,
and 28 (20−µm sections; magnification: 100×; scale bars: 300 µm). (B) Quantification of immunofluorescence reactivity in
the contralateral and ipsilateral SCDHs (4 sections per rat, 3 rats per group and each time point); values are expressed as
means± standard error of means (SEMs). * p < 0.05 relative to the same side of controls; # p < 0.05 relative to the contralateral
side of the same group at the same time point, one-way analysis of variance (ANOVA) with post hoc Tukey test.
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vs. 110.1 ± 3.8 pg/100 µg proteins, p = 0.652; n = 9 per group at each side; Figure 4B). IL-6 

Figure 3. Representative von Willebrand factor (vWF) immunostaining in the rat lumbar spinal cord dorsal horn (SCDH)
over a 28−day period of chronic constriction injury (CCI)−induced neuropathic pain. (A) Representative vWF immunoflu-
orescence (red) in the ipsilateral SCDH of control rats and CCI rats at post−operative day (POD) 7, 14, 21, and 28 (20−µm
sections; magnification: 100×; scale bars: 300 µm). (B) Quantification of immunofluorescence reactivity in the con-
tralateral and ipsilateral SCDHs (4 sections per rat, three rats per group and each time point); values are expressed as
means± standard error of means (SEMs). * p < 0.05 relative to the same side of controls; # p < 0.05 relative to the contralateral
side of the same group at the same time point, one-way analysis of variance (ANOVA) with post hoc Tukey test.

3.4. Neuroinflammation Enhances Pro-inflammatory Cytokine Release in the Ipsilateral Lumbar
Spinal Cord after CCI

In control rats, IL-1β concentration in ipsilateral lumbar spinal cord dorsal part was not
significantly different to that in the contralateral side (118.2± 6.9 vs. 121.2 ± 9.8 pg/100 µg
proteins, p = 0.807; n = 9 at each side; Figure 4A). However, the IL-1β level was increased
in the ipsilateral spinal cord at POD 7, 14, 21, and 28 after CCI compared to that in con-
trols (149.9 ± 11.5, p = 0.0315; 154.8 ± 9.3, p = 0.00631; 146.8 ± 5.5, p = 0.00646; and
144.6 ± 3.3, p = 0.00493 respectively, vs. 118.2 ± 6.9 pg/100 µg proteins; n = 9 per
group at each time point; Figure 4A). There were no differences in IL-1β concentration
between the contralateral spinal cord of CCI rats and the controls (119.4 ± 6.8, 122.3 ± 2.3,
122.0 ± 3.0, and 120.6 ± 7.7 at POD 7, 14, 21, and 28, vs. 121.2 ± 9.8 pg/100 µg proteins,
all p > 0.05; n = 9 per group at each time point; Figure 4A). Furthermore, the IL-1β level
was significantly upregulated in the ipsilateral side after CCI at POD 7, 14, 21, and 28
(p = 0.037, 0.00384, 0.00102, and 0.0151, respectively) compared to the contralateral side
at the same time point (Figure 4A). Similarly, IL-6 concentrations were not significantly
different between ipsilateral and contralateral sides of lumbar spinal cord dorsal part in
control rats (107.3 ± 4.6 vs. 110.1 ± 3.8 pg/100 µg proteins, p = 0.652; n = 9 per group at
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each side; Figure 4B). IL-6 levels were significantly elevated after CCI in the ipsilateral
spinal cord at POD 7, 14, and 21 compared to that in controls (140.8 ± 13.4, p = 0.0292
and 133.1 ± 10.5, p = 0.0394, respectively, vs. controls 107.3 ± 4.6 pg/100 µg proteins)
but not at POD 7 and 28 (136.2 ± 13.0, p = 0.0526 and 111.2 ± 2.1 pg/100 µg protein,
p = 0.457, respectively) (n = 9 per group at each time point; Figure 4B). CCI had no effect on
IL-6 concentration in the contralateral spinal cord at POD 7, 14, 21, and 28 compared to
that of control rats (108.6 ± 3.3, 105.4 ± 3.0, 107.5 ± 3.5, and 106.8 ± 1.8, respectively, vs.
110.0 ± 3.8 pg/100 µg proteins, all p > 0.05; n = 9 per group at each time point; Figure 4B).
Additionally, the IL-6 level was significantly upregulated in the ipsilateral side after CCI at
POD 14 and 21 (p = 0.0187 and 0.0346, respectively), but not at POD 7 and 28 (p = 0.0567
and 0.136, respectively), compared to the contralateral side at the same time point (n = 9
per group at each time point; Figure 4B). TNF-α concentrations were also not significantly
different between ipsilateral and contralateral sides of lumbar spinal cord dorsal part in
control rats (104.0 ± 4.0 vs. 104.7 ± 7.3 pg/100 µg proteins, p = 0.941; n = 9 at each side;
Figure 4C). TNF-α levels in the ipsilateral spinal cord were significantly elevated at POD
7, 14, and 21 in CCI rats (135.8 ± 11.8, p = 0.0294; 138.6 ± 6.9, p < 0.001, and 116.3 ± 2.5,
p = 0.018, respectively), but not at POD 28 (117.6 ± 5.0 pg/100 µg proteins, p = 0.0563),
compared to that in controls (104.0 ± 4.0 pg/100 µg proteins; n = 9 per group at each
time point; Figure 4C). Similarly, TNF-α concentrations were not affected in the contralat-
eral side after CCI at POD 7, 14, 21, and 28 (100.9 ± 5.6, 108.6 ± 5.6, 107.3 ± 5.0, and
117.3 ± 6.3, respectively, vs. controls 104.7 ± 7.3 pg/100 µg proteins, all p > 0.05; n = 9
per group at each time point; Figure 4C). Furthermore, the TNF-α level was significantly
upregulated in the ipsilateral side after CCI at POD 7 and 14 (p = 0.0173 and < 0.001,
respectively), but not at POD 21 and 28 (p = 0.128 and 0.967 respectively), compared to the
contralateral side at the same time point (n = 9 per group at each time point; Figure 4C).

IL-10 concentrations were also not significantly different between ipsilateral and
contralateral sides of the lumbar spinal cord dorsal part in control rats (104.2 ± 4.5 vs.
104.7 ± 7.3 pg/100 µg proteins, p = 0.956; n = 9 at each side; Figure 4D). IL-10 levels
in the lumbar spinal cord dorsal part were unaffected by CCI at POD 7, 14, 21, and 28
compared to the controls (for the ipsilateral side, 108.9± 7.4, p = 0.596; 106.2± 7.4, p = 0.823;
116.9 ± 8.0, p = 0.185; and 98.9 ± 4.9, p = 0.441, respectively, vs. 104.2 ± 4.5 pg/100 µg
proteins; for the contralateral side, 100.9 ± 5.6, 108.6 ± 2.7, 107.3 ± 5.0, and 117.3 ± 6.3,
respectively, vs. 104.7 ± 7.3 pg/100 µg proteins; all p > 0.05; n = 9 per group at each time
point; Figure 4D). However, the IL-10 level was significantly decreased in the ipsilateral
side after CCI at POD 28 (p = 0.0359), but not at POD 7, 14, and 21 (p = 0.402, 0.766, and 0.324
respectively), compared to the contralateral side at the same time point (n = 9 per group at
each time point; Figure 4D). These data demonstrate that CCI induces a pro-inflammatory
cytokine response in the ipsilateral lumbar spinal cord.
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means (SEMs) (n = 9 per group and each time point) are represented. * p < 0.05 when the protein levels in the same side of 
the dorsal part of the spinal cord at individual time points were compared to that in control rats. # p < 0.05 when the protein 
levels in the ipsilateral dorsal part of the spinal cord were compared to those in the contralateral side at the same timepoint, 
one-way analysis of variance (ANOVA) with post hoc Tukey test. 
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line nociceptive response to radiant heat and to a mechanical stimulus was comparable in 
all groups (p > 0.05; n = 3 for control, CCI + fumagillin, and CCI + anti-VEGF groups; n = 5 
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groups; n = 5 for CCI group; Figure 5A) from POD 5 to 14 and PWT triggered by a me-
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Figure 4. Time course assessment of cytokine levels in the lumbar spinal cord of control rats and chronic constriction injury
(CCI) rats at post-operative day (POD) 7, 14, 21, and 28. The levels of interleukin-1β (IL-1β) (A), tumor necrosis factor-α
(TNF-α) (B), IL-6 (C), and IL-10 (D) proteins were measured by immunoassay in the dorsal ipsilateral and contralateral
parts of the lumbar enlargement. All values were expressed as pg/100 µg total proteins, and means ± standard error of
means (SEMs) (n = 9 per group and each time point) are represented. * p < 0.05 when the protein levels in the same side of
the dorsal part of the spinal cord at individual time points were compared to that in control rats. # p < 0.05 when the protein
levels in the ipsilateral dorsal part of the spinal cord were compared to those in the contralateral side at the same timepoint,
one-way analysis of variance (ANOVA) with post hoc Tukey test.

3.5. Intrathecal Administration of Fumagillin and Anti-VEGF-A Monoclonal Antibodies
Attenuates CCI-Induced Neuropathic Pain

The dose–response effect of fumagillin on CCI-induced pain behavior is shown in the
supplementary materials (n = 3 per group and each time point; Figure S3). Fumagillin had
no analgesic effect on naïve and sham-operated rats for a 0.01–1 µg dose range. However,
a trend toward decreased neuropathic pain in CCI rats was observed within 3 h after a
single intrathecal injection of 0.1 and 1 µg fumagillin. Intrathecal administration of an anti-
VEGF-A antibody, at a dose of 0.3 µg/day for 14 consecutive days, reduced the prolonged
time to cross the beam and changed the hindlimb weight distribution induced by CCI
(n = 3 in control group, n = 3 in CCI group, and n = 4 in CCI + anti-VEGF group; Figure S4
in supplementary materials). Therefore, we used intrathecal administration of fumagillin
(0.1 µg/day) or anti-VEGF-A antibodies (0.3 µg/day) once a day for 14 consecutive days
after CCI to examine the role of angiogenesis in CCI-induced neuropathic pain. The base-
line nociceptive response to radiant heat and to a mechanical stimulus was comparable
in all groups (p > 0.05; n = 3 for control, CCI + fumagillin, and CCI + anti-VEGF groups;
n = 5 for CCI group; Figure 5). Time course studies showed a marked time-dependent
reduction of the PWL in response to radiant heat (21.0 ± 1.0 vs. 29.9 ± 1.3 s, p = 0.008;
15.0 ± 1.7 vs. 30.0 ± 0.5 s, p < 0.001; 14.5 ± 2.1 vs. 29.0 ± 0.5 s, p < 0.001; 14.1 ± 1.4 vs.
29.8 ± 0.6 s, p < 0.001, 13.5 ± 1.9 vs. 29.5 ± 1.2 s, p < 0.001, and 12.9 ± 1.4 vs. 28.9 ± 1.9 s,
p < 0.001, at POD 5, 7, 9, 11, 13, and 14, respectively; n = 3 for control, CCI + fumagillin,
and CCI + anti-VEGF groups; n = 5 for CCI group; Figure 5A) from POD 5 to 14 and PWT
triggered by a mechanical stimulus (8.2 ± 0.7 vs. 11.8 ± 0.6, p = 0.0127 at POD 3; 2.5 ± 0.5
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vs. 11.8 ± 0.3, 2.1 ± 0.5 vs. 11.8 ± 0.9, 2.8 ± 0.7 vs. 12.2 ± 0. 5, 2.2 ± 1.0 vs. 11.5 ± 1.3,
2.2 ± 0.6 vs. 12.2 ± 1.0, and 2.0 ± 0.8 vs. 11.8 ± 0.9 g at POD 5, 7, 9, 11, 13, and 14,
respectively; all p < 0.001; n = 3 for control, CCI + fumagillin, and CCI + anti-VEGF
groups; n = 5 for CCI group; Figure 5B) from POD 3 to 14 for the ipsilateral hindpaw
of the CCI group compared to control rats. These data indicate that CCI progressively
induces thermal hyperalgesia and mechanical allodynia within the 14-day postopera-
tive observation period, with the most remarkable effect at POD 14. Fumagillin signif-
icantly ameliorated the reduced PWL induced by CCI from POD 7 to 14 (24.1 ± 1.0 vs.
15.0± 1.7 s, p = 0.002; 25.5± 1.7 vs. 14.5± 2.1 s, p = 0.006; 24.5± 1.6 vs. 14.1± 1.4 s, p = 0.001;
24.5 ± 0.8 vs. 13.5 ± 1.9 s, p = 0.005; and 25.3 ± 1.0 vs. 12.9 ± 1.4 s, p < 0.001 at POD 7, 9,
11, 13, and 14, respectively) but the anti-VEGF-A antibody only significantly improved it at
POD 7 and POD 11 (21.2 ± 1.1 vs. 15.0 ± 1.7 s, p = 0.026 and 20.0 ± 1.8 vs. 14.1 ± 1.4 s,
p = 0.045) (Figure 5A). Compared to the PWL of control rats, the PWL was significantly
reduced in the CCI + fumagillin group at POD 7 (24.1 ± 1.0 vs. 30.0 ± 0.5 s, p = 0.007)
and in the CCI + anti-VEGF group at POD 7, 9, 11, 13, and 14 (21.2 ± 1.1 vs. 30.0 ± 0.5
s, p < 0.001; 21.2 ± 1.1 vs. 29.0 ± 0.5 s, p = 0.016; 20.0 ± 1.8 vs. 29.8 ± 0.6 s, p = 0.006;
19.9 ± 2.7 vs. 29.5 ± 1.2 s, p = 0.015; and 18.7 ± 2.3 vs. 28.9 ± 1.9 s, p = 0.013, respectively;
Figure 5A). These results suggest that fumagillin is more efficient than the anti-VEGF-A
antibody in suppressing CCI-induced thermal hyperalgesia although the difference was
not statistically significant (all p > 0.05; Figure 5A).
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Figure 5. Effects of intrathecal administration of anti−vascular endothelial growth factor−A (anti−VEGF−A) monoclonal
antibodies (0.3 µg/day) and fumagillin (0.1 µg/day) for 14 consecutive days on chronic constriction injury (CCI)−induced
nociceptive behaviors. Thermal hyperalgesia, assessed by paw withdrawal latency (PWL) measurement (A), and mechanical
allodynia, assessed by paw withdrawal threshold (PWT) measurement (B), were induced by CCI in rats. Data are expressed
as means ± standard error of means (SEMs) of PWL in seconds and PWT in grams (n = 3 rats for control, CCI + fumagillin,
and CCI + anti-VEGF groups; n = 5 for CCI group). * p < 0.05 relative to the control group; # p < 0.05 relative to the CCI
group; † p < 0.05 relative to the CCI + anti-VEGF group; one-way analysis of variance (ANOVA) with post hoc Tukey test.

Similarly, fumagillin significantly ameliorated the PWT from POD 5 to 14 (7.0 ± 1.0 vs.
2.5 ± 0.5 g, p = 0.006; 8.5 ± 1.0 vs. 2.1 ± 0.5 g, p < 0.001; 8.5 ± 0.5 vs. 2.8 ± 0.7 g,
p < 0.001; 8.5 ± 0.5 vs. 2.2 ± 1.0 g, p = 0.002; 7.5 ± 1.5 vs. 2.2 ± 0.6 g, p = 0.004;
7.0 ± 1.3 vs. 2.0 ± 0.8 g, p = 0.008, at POD 5, 7, 9, 11, 13, and 14, respectively) but
the anti-VEGF-A antibody only significantly improved it at POD 5 (7.1 ± 1.4 vs. 2.5 ± 0.5 g,
p = 0.005), POD 7 (6.5 ± 0.7 vs. 2.1 ± 0.5 g, p = 0.003), POD 9 (6.8 ± 0.7 vs. 2.8 ± 0.7 g,
p = 0.004), and POD 14 (5.7 ± 0.6 vs. 2.0 ± 0.8 g, p = 0.04) compared to the PWT of CCI rats
(Figure 5B). Compared to that of controls, the PWT was significantly decreased in the CCI
+ fumagillin group at POD 5, 9, 13, and 14 (7.0 ± 1.0 vs. 11.8 ± 0.3 g, p = 0.024; 8.5 ± 0.5 vs.
12.2 ± 0. 5 g, p = 0.001; 7.50 ± 1.5 vs. 12.2 ± 1.0 g, p = 0.039; and 7.0 ± 1.3 vs. 11.8 ± 0.9 g,
p = 0.023, respectively; Figure 5B) and in the CCI + anti-VEGF group from POD 5 to 14
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(7.1 ± 1.4 vs. 11.8 ± 0.3 g, p = 0.027; 6.5 ± 0.7 vs. 11.8 ± 0.9 g, p = 0.008; 6.8 ± 0.7 vs.
12.2 ± 0.5 g, p = 0.008; 5.3 ± 0.7 vs. 11.5 ± 1.3 g, p = 0.005; 5.3 ± 0.4 vs. 12.2 ± 1.0 g,
p = 0.007, and 5.7 ± 0.6 vs. 11.8 ± 0.9 g, p = 0.008, at POD 5, 7, 9, 11, 13, and 14, respectively;
Figure 5B). Fumagillin showed a tendency to be more efficient than the anti-VEGF-A
antibody in suppressing the CCI-induced mechanical allodynia although the differences
were only statistically significant at POD 11 (8.5 ± 0.5 vs. 5.3 ± 0.7 g, p = 0.0207; Figure 5B).

In summary, intrathecal administration of fumagillin (0.01–0.1 µg) and anti-VEGF-A
antibodies (0.3 µg) did not affect the behavior of control rats but improved CCI-induced
pain behaviors. Because of its stronger effect on attenuating CCI-induced nociceptive
behaviors, fumagillin (0.1 µg/day) was used in the following experiments to evaluate
its effect on CCI-induced angiogenesis, astrocyte activation, and dysregulated pro/anti-
inflammatory cytokine balance in the spinal cord.

3.6. Intrathecal Fumagillin Attenuates CCI-Induced Angiogenesis in the Lumbar Spinal Cord

The effects of anti-angiogenic therapy on CCI-produced central sensitization were
assessed at POD 14 since CCI-induced the most significant angiogenesis at this time
point. Fumagillin significantly decreased the CCI-induced upregulation of VEGF and
vWF immunoreactivities (12.4- vs. 27.0-fold, p = 0.0486 and 1.6- vs. 2.4-fold, p = 0.0266,
respectively; Figure 6A–D), but not CD31 immunoreactivities (1.0- vs. 1.8-fold, p = 0.0841;
Figure 6E,F), in ipsilateral lumbar SCDH (n = 3 per group). The extent of fumagillin-reduced
expression of the angiogenic factor was strongest on VEGF (−54%), followed by CD31
(−48%) and vWF (−33%), whereas no significant difference was found in CD31 expression
(Figure 6B,D,F). However, VEGF and vWF immunoreactivities in the CCI + fumagillin
group were still more intense than that of the control group (12.4- vs. 1-fold, p = 0.01, and
1.6- vs. 1-fold, p = 0.0409, respectively), while there was no difference in CD31 staining
(1.0- vs. 1.0-fold, p = 0.907) (n = 3 per group; Figure 6B,D,F). These data demonstrate
that fumagillin effectively improves CCI -induced angiogenesis in the ipsilateral lumbar
spinal cord.

3.7. Fumagillin Differentially Modulates CCI-Induced Spinal Cytokine Production

IL-1β levels did not significantly change at POD 7 (n = 6) and 14 (n = 8) in the CCI +
fumagillin group compared to that of the CCI group (n = 8 at POD 7 and n = 6 at POD 14)
(146.7 ± 11.9 vs. 138.0 ± 7.1, p = 0.486, and 139.3 ± 7.23 vs. 143.5 ± 7.9 pg/100 µg proteins,
p = 0.652; Figure 7A). However, fumagillin dramatically reduced the amounts of IL-6
(76.2 ± 16.2 vs. 162.7 ± 7.4 and 124.7 ± 10.3 vs. 159.1 ± 2.0 pg/100 µg proteins at POD 7
and 14, respectively, both p < 0.001; Figure 7B) and TNF-α (67.5 ± 7.9 vs. 133.2 ± 10.8 and
89.5 ± 5.0 vs. 130.2 ± 9.2 pg/100 µg proteins at POD 7 and 14, respectively, both
p < 0.001; Figure 7C) at POD 7 and 14 compared to that of the CCI group (n = 8 rats
for CCI group at POD 7 and CCI + fumagillin group at POD 14; n = 6 for CCI group at
POD 14 and CCI + fumagillin group at POD 7). Furthermore, the effect of fumagillin
in suppressing CCI-upregulated TNF-α and IL-6 concentrations at POD 7 tended to be
stronger than that at POD 14, albeit not statistically significant (Figure 7B,C). Unexpectedly,
fumagillin significantly increased IL-10 levels at POD 7 and 14 compared to that of CCI rats
(147.9± 20.6 vs. 110.3± 4.8, p = 0.0076, and 140.4± 12.7 vs. 114.6± 5.2 pg/100 µg proteins,
p = 0.0332). The increased IL-10 production induced by fumagillin seemed greater at POD
7 than that at POD 14; however, the difference was not statistically significant (Figure 7D).
In summary, fumagillin modulates CCI-induced neuroinflammation by enhancing IL-10
amounts and inhibiting the production of TNF-α and IL-6 without affecting IL-1β levels.
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and CCI + fumagillin groups. Immunofluorescence images show cells labeled with vascular endothelial growth factor 
(VEGF) (red; A), von Willebrand factor (vWF) (red; C), and cluster of differentiation 31 (CD31) (red; E) in the ipsilateral 

Figure 6. Effect of intrathecal administration of fumagillin on chronic constriction injury (CCI)−induced angiogenesis.
Lumbar spinal cords were obtained at postoperative day (POD) 14 after the last intrathecal injection from control, CCI, and
CCI + fumagillin groups. Immunofluorescence images show cells labeled with vascular endothelial growth factor (VEGF)
(red; A), von Willebrand factor (vWF) (red; C), and cluster of differentiation 31 (CD31) (red; E) in the ipsilateral spinal cord
dorsal horn (SCDH) (20−µm sections; magnification: 100×; scale bars: 300 µm). Quantification of VEGF (B), vWF (D), and
CD31 (F) immunoreactivities are shown as means ± standard error of means (SEMs) (4 sections per rat, 3 rats per group).
* p < 0.05 compared with the control group; # p < 0.05 compared with the CCI group; one−way analysis of variance (ANOVA)
with post hoc Tukey test.

3.8. Fumagillin Intrathecal Administration Attenuates CCI-Induced Astrocyte Activation in the
Ipsilateral Lumbar Spinal Cord

CCI markedly upregulated GFAP immunoreactivities at POD 14 compared to that of
the control group (1.7- vs. 1-fold, p < 0.001; Figure 8). GFAP expression was decreased in
the CCI + fumagillin group compared to that of the CCI group (0.6- vs. 1.7-fold, p = 0.00278)
but not statistically significant compared to that of control groups (0.6- vs. 1-fold, p = 0.232)
(n = 3 per group; Figure 8A,B). These data demonstrate that intrathecal administration of
fumagillin effectively abolishes astrocyte activation in the ipsilateral lumbar spinal cord in
CCI-induced neuropathic pain.
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Figure 7. Effects of intrathecal administration of fumagillin on cytokine levels in the spinal cord of CCI rats 7 and 14 days
following CCI. (A) interleukin−1β (IL−1β), (B) tumor necrosis factor−α (TNF−α), (C) IL−6, and (D) IL−10 levels in
the spinal cord of control rats (n = 8) and chronic constriction injury (CCI) rats at post−operative day (POD) 7 (n = 8),
CCI + fumagillin rats at POD 7 (n = 6), CCI rats at POD 14 (n = 6), and CCI + fumagillin rats at POD 14 (n = 8). Data are
represented as means ± standard error of means (SEMs), * p < 0.05 compared with the control group; # p < 0.05 compared
with the CCI group at POD 7; one-way analysis of variance (ANOVA) with post hoc Tukey test. The “−” sign means the
absence and “+” sign means presence of various treatment with either CCI or fumagillin in the rats..
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Figure 8. Effect of intrathecal administration of fumagillin on chronic constriction injury
(CCI)−induced astrocytic activation. Lumbar spinal cord sections were obtained at postopera-
tive day (POD) 14 from control, CCI, and CCI + fumagillin groups. (A) Immunofluorescence images
show cells labeled with glial fibrillary acidic protein (GFAP, green) in the ipsilateral spinal cord dorsal
horn (20−µm sections; magnification: 100× scale bars: 300 µm). (B) The quantification of GFAP
immunoreactivity was expressed as mean ± standard error of mean (SEM) (4 sections per rat, 3 rats
per group). Treatment with fumagillin (intrathecal) significantly inhibited CCI−upregulated GFAP
immunoreactivity. * p < 0.05 compared with the control group; # p < 0.05 compared with the CCI
group; one-way analysis of variance (ANOVA) with post hoc Tukey test.
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4. Discussion

The present study demonstrates that CCI generates neuropathic pain in rats, induces
astrocyte activation and an upregulated expression of angiogenic factors, and enhances
pro-inflammatory cytokines in the ipsilateral lumbar spinal cord. Once-daily intrathecal
administration of fumagillin and anti-VEGF-A antibody for 14 days immediately after
CCI significantly reduced the severity of CCI-induced neuropathic pain. In addition,
fumagillin attenuated CCI-induced angiogenesis and astrocyte activation in the spinal
cord. Fumagillin also inhibited CCI-induced neuroinflammation in the spinal cord by
differentially modulating cytokine production and changing the balance between pro-
and anti-inflammatory cytokines. These results indicate that CCI induces angiogenesis
in the spinal cord, which participates in astrocyte activation, neuroinflammation, and
neuropathic pain.

CCI of the sciatic nerve in rodents is a widely used animal model of peripheral
neuropathic pain. Neurons and glial cells participate in developing and maintaining
nociceptive sensitization in CCI models [7,31,33,38]. Several lines of evidence suggest
that elevated energy consumption, high metabolism, and increased blood flow in the
CNS are generated by neuronal–glial interactions and neuroinflammation in pain. Pain
increases regional cerebral blood flow and metabolism in the somatosensory cortex, limbic
system, and brainstem of the resting, unstimulated brain from 12–14 days to 12 weeks,
as evidenced by micro-positron emission tomography with a [18F]fluorodeoxyglucose
imaging study or densitometric analysis of 99mTc autoradiograms of brain sections from
rat models of peripheral neuropathic pain [23,24,39]. Holland-Fischer et al. demonstrated
by indirect calorimeter and plasma catecholamine and urine urea nitrogen assessments
that an acute increase in energy expenditure and glucose oxidation occurs during non-
traumatic, painful electrical stimulation of human abdominal skin and is abolished by local
analgesia [40]. The authors suggested that the energy expenditure increase was mediated
by elevated adrenergic activity, increased muscle tone, and pain-related cortical events and
emphasized the importance of pain management to reduce pain-evoked adverse effects [40].
Single-photon emission computed tomography revealed a significant cerebral blood flow
increase in the right anterior cingulate cortex of patients with diabetic neuropathic pain [41].
Transcranial doppler sonography showed increased cerebral blood flow in anterior and
middle cerebral arteries during a painful stimulus to the index fingernail in fibromyalgia
patients [15]. Additionally, the upregulated expression of VEGF signaling molecules (VEGF
mRNA for POD 7–21, VEGF receptor 2 (VEGFR 2) mRNA for POD 3–21, and both proteins
for POD 5–21) in the activated neurons and microglia in the ipsilateral lumbar SCDH closely
participated in the pain behavior (thermal hyperalgesia from POD 7 to 21 and mechanical
allodynia from POD 5 to 21) in a female rat model of metastatic breast cancer bone pain.
Intrathecal post-treatment with inhibitors of VEGF signaling significantly attenuated cancer
pain behaviors [25]. However, evidence that angiogenesis in the CNS directly supports
long-term activation of neurons and glia in chronic pain is lacking. Here, we assessed the
levels of three different angiogenic factors, VEGF, CD31, and vWF, to identify the role of
angiogenesis in central nociceptive sensitization in the spinal cord induced by peripheral
neuropathic insults.

Angiogenic factors play an important role in forming new blood vessels from the exist-
ing vasculatures [42]. In particular, vWF, a multimeric glycoprotein localized in endothelial
cells and megakaryocytes, is bound to endothelial and vascular smooth muscle cells [43]
and is considered a marker of endothelial cells. It has many roles in the vasculature, in-
cluding hemostasis, the control of inflammation by modulating leukocyte adhesion and
migration, the regulation of vascular permeability, and angiogenesis [43–45]. CD31 is a
glycosylated transmembrane adhesion protein highly expressed on endothelial cells and
hematopoietic-derived cells, including macrophages, lymphocytes, and platelets. CD31
plays an important role in angiogenesis in maintaining vascular permeability, leukocyte mi-
gration and inflammation, and platelet-endothelial cell adhesion regulation [46,47]. VEGF,
a major angiogenic factor acting on endothelial cells to increase blood vessel density, has
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been found upregulated in the spinal cord of multiple sclerosis patients and in rat models
of EAE and spinal cord contusion injury [19,48]. VEGF, CD31, and vWF are recognized
endothelial cell markers used to evaluate the presence of endothelial cells, vascular density,
and angiogenesis. Our findings demonstrate that CCI significantly and simultaneously
upregulates the expression of these angiogenic factors in the ipsilateral lumbar spinal
cord from POD 7 to 28 with a peak at POD 14. This is consistent with the upregulated
VEGF mRNA expression observed after bone cancer inoculation in female rats [25]. To our
knowledge, the time course of angiogenesis, e.g., CD31 and vWF expressions, has not been
examined in chronic pain, and our results provide evidence that CCI induces angiogenesis
in the spinal cord.

Angiogenesis in the osteochondral junction, synovium, and meniscus participate in
the pathological processes of human osteoarthritis. An association between angiogen-
esis, subchondral inflammation, synovitis, and the extension of unmyelinated sensory
nerves accompanying blood vessels in the osteochondral junction appears in patients with
osteoarthritis and rheumatoid arthritis [49]. The present study reveals an upregulated
expression of angiogenic factors in the rat spinal cord after CCI. We propose that this
increased expression results in new vessel formation to provide more blood, oxygen, and
nutrients to support central sensitization, neuronal–glial interaction, and neuroinflamma-
tion. It constitutes a pathophysiological mechanism of chronic pain since anti-angiogenic
treatment attenuates pain. Indeed, anti-angiogenic therapy with PPI-2458 (fumagillin
analog) reduces synovial and osteochondral angiogenesis, synovial inflammation, joint
damage, and pain behavior in a rat model of meniscal-transection-induced osteoarthri-
tis. Bevacizumab (anti-VEGF-A monoclonal antibody) reduces osteoarthritis severity and
weight-bearing pain in a rabbit model of osteoarthritis induced by anterior cruciate liga-
ment transection [50,51]. Therefore, angiogenesis, including elevated VEGF levels, might
enhance inflammation, structural damages, and pain in osteoarthritis. It might be treated
by anti-angiogenic therapy [52,53]. Angiogenesis is also critical for tumor growth and
metastasis. VEGF is a key mediator of tumor angiogenesis. VEGF also participates in
pain sensitization in the spinal cord and dorsal root ganglia (DRG) [25,26]. Exogenous
VEGF perfusion increased the spontaneous excitatory postsynaptic currents in lamina II
spinal neurons in a whole-cell patch-clamp study, and intrathecal VEGF administration
produced time-dependent nociceptive pain within 1 h, persisting for at least 12 h in naïve
rats [25]. Upregulation of VEGF and VEGFR 2 expression occurred predominately in the
ipsilateral, but not contralateral, SCDH after cancer inoculation. Intrathecal administration
of VEGF neutralizing antibodies or VEGFR 2 inhibitors significantly attenuated cancer
bone pain in rat models [25]. Similarly, VEGF and VEGFR 2 expression were elevated
in L4–6 DRG in CCI rats. Intrathecal injection of the anti-VEGF antibody dramatically
abolished the CCI-induced neuropathic pain behaviors and upregulation of VEGF and
VEGFR 2 expression [26]. Therefore, angiogenesis and VEGF/VEGFR 2 signaling might
have a role in peripheral and central sensitizations. The present study demonstrates that
CCI simultaneously upregulates VEGF, CD31, and vWF expression in a time-dependent
manner in the ipsilateral lumbar spinal cord between POD 7 and 28. This increased expres-
sion occurs during the development and maintenance of CCI-induced nociceptive pain.
This agrees with Hu et al., who reported [25] that anti-angiogenic therapy with fumagillin
or anti-VEGF-A antibodies during a 14-day observation period improves CCI-induced
thermal hyperalgesia between POD 7 and 14 and mechanical allodynia between POD 5 and
14, which closely relates to the time course of CCI-induced pain behavior. Angiogenesis in
the ipsilateral spinal cord plays an important role in developing and maintaining chronic
neuropathic pain.

Astrocytes have versatile functions in the trophic support of the neurovascular unit
by wiring neurons to vessels to maintain the physiological functions of the CNS, synap-
tic transmission, microenvironmental regulation, neuroinflammation, and pain regula-
tion [13,30,54]. Astrocytes regulate angiogenesis by various mechanisms, including modu-
lation of VEGF and hypoxia-inducible factor α-Wnt/β-catenin signaling [55,56]. Astrocyte
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activation, neuroinflammation with increased production of inflammatory mediators, and
neurovascular endothelial activation with increased CD31 expression occurred in the tho-
racic spinal cord in a rat model of experimental pulmonary hypertension [57]. CCI induced
the activation of spinal astrocytes and increased the production of pro-inflammatory me-
diators (TNF-α, IL-1β, and IL-6) in the male rat lumbar spinal cord [58–61]. In contrast,
inhibiting astrocytes prevents the release of inflammatory cytokines and neuropathic pain
in CCI rats [58]. Jančálek et al. found elevated TNF-α and IL-10 levels bilaterally in cervical
and lumbar DRG of female rats, following CCI of the left sciatic nerve. TNF-α amounts in-
creased from POD 7 to 14, while IL-10 levels increased in lumbar DRG between POD 1 and
3 and decreased in cervical and lumbar DRGs from POD 7 to reach normalized values at
POD 14 [62]. Our previous studies showed an upregulation of TNF-α expression in spinal
microglia and astrocytes after CCI. Intrathecal administration of lemnalol significantly
inhibited CCI-induced TNF-α expression in astrocytes and microglia [31]. Intrathecal
injection of adenoviral-mediated transfer of phosphatase and tensin homolog (Ad-PTEN)
inhibited it primarily in astrocytes [7]. However, Ji et al. suggested that activated astrocytes
produce IL-1β. At the same time, activated microglia synthesize both TNF-α and IL-1β
in the spinal cord to participate in neuroinflammation, central sensitization, and pain
hypersensitivity in chronic pain [13]. Additionally, Hu et al. found that pro-inflammatory
cytokine mRNA expression (TNF-α, IL-1β, IL-6, and IL-18) is upregulated in the rat SCDH
after cancer inoculation, and pharmacological inhibition of VEGF-A signaling effectively
reduces this tumor-induced mRNA expression in spinal microglia [25]. Furthermore,
pro-inflammatory cytokines, including TNF-α and IL-1β, were shown to contribute to
angiogenesis [63,64]. Owing to the high energy expenditure related to the pathophysiology
of neuroinflammation and the divergent results regarding the major source of cytokine
production in the CNS in chronic pain, we speculated that anti-angiogenic therapy would
inhibit CCI-induced astrocytic activation and, consequently, suppress pro-inflammatory
cytokine production. The present study showed that, during a 28-day observation period,
CCI generated neuroinflammation and an elevated production of the pro-inflammatory cy-
tokines IL-1β from POD 7 to 28, IL-6 from POD 14 to 21, and TNFα from POD 7 to 21 in the
ipsilateral lumbar spinal cord. The increased levels persisted for the longest for IL-1β, for an
intermediary time for TNF-α, and for the shortest time for IL-6. Therefore, we propose that
TNF-α and IL-6 play a role in developing CCI-induced neuroinflammation, while IL-1β is
involved in its development and maintenance. CCI did not affect the anti-inflammatory
cytokine IL-10. Fumagillin markedly abolished the CCI-induced increase of TNF-α and IL-6
production but did not affect IL-1β production. Interestingly, it significantly increased IL-10
synthesis in the ipsilateral spinal cord. Therefore, intrathecal administration of fumagillin
for 14 days displaced the dysregulation of cytokine homeostasis from the pro-inflammatory
signaling induced by CCI to an anti-inflammatory context by increasing IL-10 and reducing
TNF-α and IL-6 production. Astrocyte immunoreactivity increased in the ipsilateral SCDH
after CCI; fumagillin dramatically suppressed it. These findings suggest that astrocytes are
a major source of CCI-induced pro-inflammatory cytokines, especially TNF-α and IL-6, in
the ipsilateral spinal cord. Additionally, the fumagillin anti-inflammatory effect depends
largely on inhibiting astrocyte activation and TNF-α and IL-6 production and increasing
IL-10 synthesis.

Our results indicate that fumagillin is a versatile agent, suppressing CCI-induced
upregulation of the expression of three angiogenic factors (VEGF, CD31, and vWF), reg-
ulating CCI-induced activation of spinal glia and cytokine production, and inhibiting
CCI-induced neuropathic pain. We suggest that intrathecal post-treatment with fumagillin
once a day for 14 consecutive days is an effective pharmacological intervention to inhibit
CCI-induced neuroinflammation, astrocyte activation, pro-inflammatory cytokines TNF-α
and IL-6 production, and angiogenesis in the spinal cord and to inhibit neuropathic pain
in rats. It also has an anti-inflammatory/neuroprotective effect against CCI-induced cen-
tral sensitization by increasing IL-10 production. Moreover, the present study provides
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evidence that astrocytes are the major cellular source of the TNF-α and IL-6 produced in
response to CCI in rats (Figure 9).
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intrathecal fumagillin on spinal neuroinflammation and central sensitization in a rat model of chronic
constriction injury (CCI)−induced neuropathic pain. Abbreviation: CCI, chronic constriction injury;
IL, interleukin; TNF−α, tumor necrosis factor−α; ↑, upregulation.

The precise mechanisms involved in fumagillin-generated anti-angiogenic and anti-
inflammation effects on central sensitization in CCI-induced neuropathic pain require
further investigation. The present study has some limitations. (1) We measured the
expression of angiogenic factors and not regional spinal blood flow or blood vessel density
in the spinal cord directly. (2) We did not examine the cellular and molecular mechanisms of
angiogenesis-related to neuroinflammation. (3) We did not investigate the role of microglia
in fumagillin-inhibited neuroinflammation. However, microglia play an important role in
central nociceptive sensitization. Microglia could be the source of IL-1β because fumagillin
suppressed the activation of astrocytes after CCI but did not alter IL-1β levels. (4) We
did not examine the cellular source of IL-10 increased production induced by fumagillin.
Further studies are needed to determine whether the adverse events associated with
anti-angiogenic treatments can be avoided.

5. Conclusions

In conclusion, fumagillin significantly prevents upregulated angiogenic factor expres-
sion and astrocyte activation and modulates the production of pro-inflammatory/anti-
inflammatory cytokines in the ipsilateral spinal cord. It also alleviates the neuropathic pain
induced by CCI. Our findings provide evidence that angiogenesis in the spinal cord plays
an important role in developing CCI-induced neuropathic pain and central sensitization.
Therefore, anti-angiogenic therapy might be a potential pharmacologic intervention for
neuropathic pain.
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