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Abstract

Although degenerative disc disease (DDD) and associated low back pain (LBP) are growing public
health problems, however the underlying disease mechanisms are unclear. Various investigations
implicated the increase in vascular endothelial growth factor (VEGF) levels in DDD, our goal

was to determine the role of VEGF receptors (VEGFrs) in DDD, using the mouse model of

DDD. Progressive DDD was induced by anterior stabbing of lumbar intervertebral discs in wild
type (WT) and VEGFR-1 tyrosine-kinase deficient mice (vegfr-17K~"). Pain assessments were
performed weekly for 12 weeks. Histological and immunohistochemical assessments were made
for discs, dorsal root ganglions and spinal cord. Both vegfr-17K~~and WT mice presented with
similar pathological changes in discs with an increased expression of inflammatory cytokines and
matrix-degrading enzymes. Despite these similar pathological patterns, vegfr-17K~~mice showed
insensitivity to pain compared to WT mice. This insensitivity to discogenic pain was associated
with lower levels of the pain factors in discs and peripheral sensory neurons as well as with

spinal glial activation in vegfr-17K~/~ compared to WT mice. Exogenous stimulation of bovine
disc cells with VEGF increased inflammatory and cartilage degrading enzyme. Silencing vegfr-1
by small-interfering-RNA (siRNA) decreased VEGF-induced expression of pain markers, while
silencing vegfr-2 decreased VEGF-induced expression of inflammatory and metabolic markers
without changing pain markers. This suggests the involvement of VEGFR-1 signaling specifically
in pain transmission. Collectively, our results suggest that VEGF signaling plays an important role
in DDD and in particular, VEGFR-1 is critical for discogenic LBP transmission independent of the
degree of disc pathology.

Keywords

Intervertebral disc degeneration; Discogenic low back pain; Vascular endothelial growth factor
receptor-1; Vascular endothelial growth factor; Mouse disc degeneration disease model

1. Introduction

Low back pain (LBP) is a major crippling disorder, both physically and socioeconomically,
affecting up to 80% of adults, at least once during their lifetime. In the United States alone,
the cost due to LBP exceeds $100 billion per year (Dagenais et al., 2008). Despite the major
negative impact on quality of life, health care cost and management, the etiology of LBP and
the molecular mechanisms driving this pathogenesis are poorly understood, and thus, there
is no therapeutic approach yet to cure or prevent LBP. How LBP develops to a painful and
debilitating disease is unclear and represents key gaps in our knowledge.

Degenerative disc disease (DDD) is thought to contribute greatly to LBP pathogenesis
and accounts for an estimated 40% of the chronic LBP cases (Schwarzer et al., 1994;
Zhang et al., 2009). Many studies have been conducted in the past few decades to address
the pathogenesis and the molecular mechanisms of DDD and the associated LBP. It was
recognized that the formation of new blood vessels during the progression of DDD is

a common and important pathological phenomenon (Karamouzian et al., 2010; Pai et
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al., 1999; Ratsep et al., 2013; Tolonen et al., 2006). Vascular endothelial growth factors
(VEGFs), potent angiogenic factors, promote neovascularization in intervertebral discs
(IVDs). Cadaveric and animal studies found that VEGF expression is significantly increased
in degenerative discs and correlated not only with the degree of degeneration but also with
the severity of LBP (Binch et al., 2014; Haro et al., 2002). However, VEGF-induced disc
degeneration triggers pain signal transduction is yet to be elucidated.

VEGFs exert their effects through the cognate receptors (Ferrara et al., 2003; Hamilton

et al., 2016), leading to a wide range of different biological functions (Meyer et al.,

1999; Ogawa et al., 1998; Shibuya et al., 2006) and well-known pathophysiologic effects,
including contributions to tumor angiogenesis, rheumatoid arthritis, psoriasis, macular
degeneration, as well as knee osteoarthritis (OA), in which anti-VEGF treatment has
already achieved preliminary success. In most of the arthritic researches, VEGF-A was
targeted to alleviate pathological progression (Hamilton et al., 2016; Nagai et al., 2014).
However, considering redundant and compensatory roles among VEGF ligands, targeting
their functional receptors may be more efficacious. It has long been believed that VEGFR-2
is the primary receptor mediating the biological effects of VEGF, and that VEGFR-1/FIt-1
may act as a negative regulator of VEGFR-2. However, there is also evidence for VEGFR-1
in transferring biological signals and enhancing the activity of VEGFR-2 (Olsson et al.,
2006). Based on recent publications, it appears that the VEGF signaling may play an
important role in pain transmission (Lin et al., 2010; Sato et al., 2017; Selvaraj et al., 2015).
For example, Selvaraj et al. demonstrated that VEGFR-1/FIt-1 could directly modulate the
excitability of sensory neurons and induce the expression of pain-related neuropeptides

in dorsal root ganglia (DRG) (Selvaraj et al., 2015). More recently, Das et al., showed

the distinct role of VEGFR-1, but not VEGFR-2, in knee OA pain transmission (Das et

al., 2018). Therefore, we hypothesize that VEGFR-1 contributes to the nociceptive pain
signal transduction during 1VD degeneration. In this study, we investigated the precise
roles for VEGFR-1 in disc degeneration and associated LBP transmission in vivo by using
VEGFR-1 kinase domain mutant mice (vegfr-17K~~mice) (Hiratsuka et al., 1998). We
further employed in-vitro approaches to elucidate the detailed molecular mechanism and
signaling pathway of VEGF and its cognate receptors by using small interfering RNAs
(siRNAs) targeting vegfr-1/2in bovine disc cell culture.

Methods

Experimental animals and surgical procedures

C57BL strain background vegfr-17K~/~ mice were prepared previously (Dawson et al., 2009;
Hiratsuka et al., 1998; Sawano et al., 1996,1997), in which VEGFR-1/FIt-1 transmit no
signal but has intact VEGFR-1 ligand binding capability. Equivalent C57BL wild type

mice were purchased from The Jackson Laboratory (Bar Harbor, Maine). vegfr-175~~ mice
(n=20) and wild type mice (n=20) aged 4 months were used in the experiment according

to a protocol that was in agreement with the guidelines of the Rush Institutional Animal
Care and Use Committee (IACUC). Disc degeneration was surgically induced using an
anterior extraperitoneal approach as described previously (Shi & Das et al., 2018). Briefly,
mice were placed in the supine position under inhalation anesthesia. Abdominal hair was
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shaved, disinfected and draped in sterile fashion. A left paramedian abdominal incision of
approximately 1.5 cm in length was made with a #15 scalpel blade. The lumbar spine discs
(L4/5, L5/6 and L6/S1) were identified under a surgical microscope, and each disc was
stabbed once at their midline with a micro-scalpel at a depth of 0.7 mm. Through the same
stabbing incision, another micro-scalpel with a curved point was used to stab once again to
take out a part of the nucleus pulposus (NP) tissue. The skin incision was closed with 4-0
vicryl sutures. For sham surgery groups, all aspects of the DDD surgery were duplicated,
except that the tip of the micro-scalpel was firmly placed against the surface of the disc
without stabbing.

2.2. Animal pain behavioral tests

Behavioral testing for pain in these mice was performed by an investigator who was blinded
to the grouping and surgical procedures. Prior to baseline assessment, mice were acclimated
to the testing apparatus for 2 hours per day for a total of 5 days. Pain tests were conducted
once a week for three weeks to obtain baseline data before the surgery, and then at different
time points after surgery until the designated sacrifice time for each mouse. The methods
applied for testing included von Frey filament testing for mechanical allodynia, hot plate
testing for thermal hyperalgesia and burrowing for spontaneous behavioral changes as
described previously (Shi & Das et al., 2018; Shi & Qiu et al., 2018). At the designated time
after finishing all the pain behavioral tests, the mice were sacrificed under anesthesia with
intra-peritoneal injection of ketamine and xylazine, and perfused transcardially with 0.1M
phosphate buffered saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffered saline (PBS, pH 7.4).

2.3. Histology

2.4,

After sacrifice, the mouse lumbar spine samples were harvested, fixed in 4% PFA in PBS,
decalcified in 12.5% EDTA in distilled water (pH=7.3) which was changed every 3 days,
and then embedded in paraffin. The embedded disc was cut into 5 pm thick slices. Safranin
O/Fast green (SO/FG) staining was done according to the protocol to assess histological
changes in IVDs, which were analyzed by 2 blinded investigators using a modified Masuda
grading scale for scoring (Masuda et al., 2005; Shi & Das et al., 2018).

Immunofluorescence staining in discs

After deparaffinization and rehydration in downgraded ethanol, the disc sections were
incubated in proteinase K solution (20 pg/ml) for 30 min at 37°C for antigen retrieval

and then blocked in 5% normal goat serum for 30 minutes at room temperature. The
sections were then incubated at 4°C overnight with antibodies against tumor necrosis factor
alpha (TNF-a,, 1:200, Novus Biological), VEGF (1:200, Abcam), matrix metallopeptidase
13 (MMP-13, 1:200, Abcam), a disintegrin and metalloproteinase with thrombospondin
motifs 5 (ADAMTS-5, 1:200, Thermo), and nerve growth factor (NGF, 1:200, Santa

Cruz Biotechnology), tropomyosin receptor kinase A (TrkA, 1:100, Abcam) followed

by incubation with goat anti-rabbit Alexa 488 fluorescent antibody conjugate (1:250,
Invitrogen) for 1 h and counterstained with DAPI for nuclear tests the next morning,
followed by fluorescence microscopy. For each section, immunostained images were
obtained at low power (40 x magnification) to identify areas of the disc including the
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NP and annular fibrosus (AF) areas. The percentage of immunoreactive (ir) cells were then
counted for an average of 4 fields in the NP and AF areas of each section using 200 x
magnification. The same regions were selected for the immunohistological analyses for all
samples to ensure consistency.

2.5. Immunofluorescence staining in DRG and spinal cord

After sacrifice, the lumbar enlargement of the spinal cord and bilateral L3-6 DRGs

were harvested, fixed and embedded. All slices were cut at 4 um thickness. After
deparaffinization and rehydration, antigen retrieval was done under microwave irradiation
in 10 mmol/L sodium citrate solution (pH 6.0). Samples were then permeabilized with
0.5% Triton X-100 solution for 5 minutes and then blocked with 5% normal goat or

horse serum for 30 min at room temperature. After that, the DRG sections were processed
for double labeling immunofluorescence staining by sequential addition of first primary
mouse anti-neuronal nuclei (NeuN) antibody (1:500, Millipore) as a neuronal marker and
second primary antibody of interesting targets such as rabbit anti-calcitonin gene-related
peptide (anti-CGRP) antibody (1:500, Abcam), or rabbit anti-NGF antibody (1:200, Santa
Cruz Biotechnology), or rabbit anti-transient receptor potential vanilloid type-1 (TRPV1)
antibody (1:100, Millipore) overnight, followed by incubation with appropriate secondary
antibodies coupled to goat anti-mouse Alexa 488 fluorescent antibody conjugate or goat
anti-rabbit Alexa 546 fluorescent antibody conjugate (1:300, Life Technologies) for 1 h.
Spinal cord sections were incubated overnight with primary mouse anti-glial fibrillary
acidic protein (anti-GFAP) antibody (1:500, Millipore) or rabbit anti-ionized calcium-
binding adapter molecule 1 (anti-IBA-1) antibody (1:500, Wako), then incubated with
goat anti-mouse or goat anti-rabbit Alexa 488 fluorescent antibody conjugate (1:300, Life
Technologies) for 1 hour. All samples were counterstained with DAPI for visualization of
nuclei. Immunoreactivity was examined under a fluorescence microscope. For each DRG
section, the number of immunoreactive neurons and total neurons were counted in the whole
field at 200x magnification using a counting grid, and the percentage corresponding to the
number of immunoreactive neurons and total neurons was calculated by dividing the total
neurons marked by NeuN. For each section of spinal cord, the region defining the spinal
cord dorsal horn was outlined and the number of GFAP-immunoreactive (ir) astrocytes and
IBA-1-ir microglia per 0.25 mm? area within the dorsal horn was calculated.

2.6. Nucleus pulposus (NP) cells isolation, culture, treatment, and transfection

Fresh tails from young adult bovine animals (15-18 months old) were purchased from

a local slaughterhouse. The NP cells were isolated from coccygeal discs as previously
described (Gu et al., 2015; Kim et al., 2012). The isolated bovine NP cells were seeded

in 6-well plates at 4 x 10° cells/cm? and cultured as monolayers in sterile complete

medium containing DMEM/F-12 (1:1) with 10% fetal bovine serum and antibiotics. Cells
were treated with gradient concentrations of VEGF-A or transfected with siRNA targeting
VEGFR-1 or VEGFR-2 using the Lipofectamin 2000 reagent (Thermo Fisher Scientific)
according to the protocol and negative control was applied. After successful transfection, the
cells in the corresponding wells were treated with 100ng/ml VEGF-A for 24 hours. After the
treatment, total RNA was isolated from these wells for further analysis.
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2.7. RNA Isolation and Quantitative Real-time Polymerase Chain Reaction (QRT-PCR)

The total RNA was extracted using the TRIzol method (Invitrogen Corp.) according to

the manufacturer’s instruction and synthesized cDNA with 1ug total RNA. Real-time PCR
was performed in triplicate using a Bio-Rad CFX Connect system (Bio-Rad Laboratories,
California, USA) and the SYBR Green method (Bio-Rad Laboratories). A threshold cycle
(Ct) value was obtained and relative mMRNA expression was determined using the 22CT
method. Expression of 18s mMRNA was used as the internal control. The standard deviation
of gene expression values was derived from 3 different sets of bovine tails in 3 separate
experiments. The primer sequences are summarized in Table 1.

2.8. Western blot analysis

Western blot analysis and ubiquitination assay were performed as described previously (Li
et al., 2008). The whole-cell protein was extracted and the concentrations were determined
by the bicinchoninic acid protein assay (BCA, Pierce, Rockford, IL). Immunoreactivity of
TNF-a (1:2000, Abcam), MMP-13 (1:2000, Abcam), NGF (1:2000, Abcam) and p-actin
(1:5000, Abcam) was detected using the ECL system (Amersham Biosciences, Piscataway,
NJ) and the Signal Visual Enhancer system (Pierce, Rockford, IL) according to the
manufacturer’s instruction.

2.9. Statistical analysis

Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS
version 18; SPSS Inc., Chicago, IL, USA). All data are presented as mean + SD. Pain data
of these four groups were compared and analyzed using the two-factor repeated measures
ANOVA. Thermal thresholds from the right and left hind paws were averaged for analysis
because of no difference was found. The differences between DDD and sham groups, and
between vegfr-17K~~ and WT animals for histology and immunofluorescent staining were
evaluated using two-way ANOVA and a post-hoc Tukey-B test. The results of histology

and immunofluorescent staining were independently examined by two observers who were
blinded to the grouping. Cohen’s k value was calculated by using an internet-based program.
The average values were taken for analysis. The results of gRT-PCR and western-blot were
analyzed using one-way ANOVA. P < 0.05 was considered statistically significant for all the
analysis.

3. Results

3.1. Intervertebral disc degeneration develops in both vegfr-1TK~/~ and WT mice after disc

injury.

To understand the role of VEGF signaling and its cognate receptors, progressive disc
degeneration was surgically induced, using an established mouse model of DDD in both
WT and vegfr-17K~~mice. Twelve weeks after surgery, the mice were sacrificed and the
lumbar spine was harvested for biochemical and morphological analyses. Safranin-O/fast
green staining showed normal morphology in both sham groups of vegfr-17K~=and WT
mice with prominent notochordal cells located in the center of the disc, intact AF with
normal patterns of fibrocartilage lamellas, well-defined border between the AF and NP, and
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preserved proteoglycan content. In both DDD groups (vegfr-17K~~and WT), the injured
IVDs developed severe degeneration represented by changes of NP cell phenotype into
chondrocyte-like cells, reduced NP cell number and proteoglycan content, disorganized AF
lamellas and interrupted borders between the AF and NP (Fig. 1A & B) in which the
progression of pathological changes are consistent in this DDD murine model as described
previously (Shi & Das et al., 2018). Our data suggest that a deficiency in VEGFR-1 does not
attenuate the pathological progression of the I\VD.

3.2. vegfr-1TK=/~ mice display insensitivity to pain compared to WT mice.

We assessed longitudinal pain-related behavioral changes in the vegfr-17K~~and WT mice
with (DDD group) and without disc injury (sham group), using von Frey filaments (Fig.1C)
and hot plate (Fig.1D) for mechanical allodynia and thermal sensitivity, respectively.
Borrowing tests were also conducted (Fig.1E) for changes in spontaneous movements as
described previously (Shi & Das et al., 2018). Baseline pain tests (before disc injury)
showed no differences between vegfr-17K~~and WT mice. Despite the development of
similar pathological progression in both vegfr-17K~~and WT mice after disc injury (Fig.
1A&B), our behavioral pain results clearly demonstrated significantly reduced pain in
vegfr-17K~~ mice compared to those from gender- and age-matched WT mice (Fig. 1C-E,
p<0.05 ~ p<0.001). There was no difference in pain response between the right and left hind
paw in either DDD group of vegfr-17X~~and WT mice.

Taken together, the histological and behavioral studies suggest that VEGFR-1 is involved
in discogenic back pain transmission, and thus, blockade of VEGFR-1 tyrosine kinase
signaling can reduce pain sensitivity, independently of progression of I\VD degeneration in
our DDD mouse model.

3.3. Similar levels of inflammation and catabolism were identified in the discs for both
vegfr-1TK=/~ and WT mice.

Inflammatory and angiogenic molecules, such as TNF-a and VEGF (Nagao et al., 2017)

are well-known catabolic meditator by stimulating matrix degrading enzymes such as MMPs
and ADAMTS which, in turn, lead to acceleration of VD degeneration. To evaluate the
pathological changes during the progression of the VD degeneration, we examined the
expression levels of TNF-a, VEGF, MMP-13 and ADAMTS-5 by comparing vegfr-17K7~
and WT mice. The immunofluorescence staining showed that the immunoreactivity of these
molecules was rather rare in the intact NP cells (sham groups of both vegfr-17K~~and

WT mice) with only a few TNF-a,, VEGF, MMP-13 or ADAMTS-5 immunopositive cells
that were mainly confined to the outer layer of the AF. On the other hand, in DDD groups

of both vegfr-17K~~and WT mice, the expression levels of TNF-a, VEGF, MMP-13 and
ADAMTS-5 were markedly increased in the VD represented by abundant immunopositive
cells, not only in the AF but also in the inner NP cells (Fig. 2A-L, sham vs. DDD, p<0.001
for both vegfr-17K~~and WT mice). There is no significant difference between vegfr-17K~~
and WT mice, showing similar expression levels of inflammatory and catabolic factors in
both groups. These results suggest that VEGFR-1 tyrosine kinase deficiency has little to no
influence on the expression of proinflammatory cytokines or extracellular matrix degrading
enzymes such as TNF-a, VEGF, MMP-13 and ADAMTS-5 in the IVVD cells.
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3.4. NGF and TrkA expression was reduced in the discs of the vegfr-1TK=/~ mice
correlating to the reduced pain behavior.

3.5.

Studies showed that the level of NGF is abnormally high in many chronically painful
conditions in both humans and experimental animals (Hefti et al., 2006; Pezet et al., 2006).
These results suggest that NGF acts as a peripheral algogenic mediator (McMahon et

al., 2004), including in the degenerative IVDs (Freemont et al., 2002). Increased NGF
elicits sensory nerve ingrowth into the injured sites to transmit nociceptive sensation (Aoki
etal., 2004; Kc et al., 2016) via its cognate receptor Tropomyosin receptor kinase A

(TrkA). Compared to WT, vegfr-17K~~mice demonstrated significantly reduced pain,
independently of progression of VD degeneration in our DDD mouse model. Thus, we

next examined the expression level of NGF and its cognate receptor TrkA in discs as
representative pain mediators at the level of peripheral tissues and sensory neuronal systems.
Our immunofluorescence staining results demonstrated that, in sham group, only a few NGF
and TrkA immunopositive cells are present in both vegfr-17X~~and WT mice. In the DDD
groups, the induction of NGF and TrkA immunopositive cells was strikingly increased in
WT mice (both in the NP and AF areas). In contrast, this induction of NGF and TrkA was
hardly seen in the vegfr-17K~~ mice at 12 weeks after disc injury (Fig. 3). These results
suggest that VEGFR-1 tyrosine kinase deficiency suppresses the expression levels of NGF
and TrkA, and that the reduced pain observed in vegfr-17K~~mice is, at least in part, due to
suppression of the NGF/TrkA signaling.

Plasticity of DRG sensory nervous system and spinal glial activity were better

preserved in vegfr-1TK=~ mice.

Nociceptive pain signals from the 1\VVD can be transmitted by DRG sensory nerves to the
spinal cord, altering pain perception. To understand the role of VEGFR-1 in neuronal
plasticity in discogenic back pain, the L3-5 lumbar DRGs and the spinal cord from

the lumbar segments were harvested for biochemical analyses from vegfr-17K~~and

WT mice, 12-weeks after surgical induction of DDD. In DRG neurons, selective pain-
related molecules, including NGF, CGRP and TRPV1 were examined by double-labeling
immunofluorescence staining with co-localization of NeuN, a biomarker for neurons
(Mullen et al., 1992; Shi & Das et al., 2018). Expression levels of NGF (Fig. 4A & B),
CGRP (Fig. 4C & D) and TRPV1 (Fig. 4E & F) in DRG sensory neurons were significantly
elevated in WT mice with DDD compared to the corresponding sham group (p<0.001) and
those from gender- and age-matched veg#r-17X~~ mice with DDD (p<0.01~0.001). On the
other hand, the induction of NGF, CGRP and TRPV1 expression in DRG sensory neurons
was minimal in vegfr-17K~/~ mice with DDD compared with the corresponding sham group.

Activation of peripheral nociceptors can result in neuronal plasticity and changes in glial
activity in the spinal cord. Especially, the critical roles of glial cells in the pathogenesis

of pain have been well documented (Coull et al., 2005; Ji et al., 2013; Milligan et al.,
2009). While microglia are important to onset of early phase in neuropathy, injury-induced
astroglial activation is more persistent than microglial activation, suggesting an important
role for astrocytes in the maintenance of chronic pain (Gao et al., 2010; Scholz et al., 2007,
Zhang et al., 2006).

J Cell Physiol. Author manuscript; available in PMC 2022 December 23.



1duosnue Joyiny vA 1duosnue Joyiny vA

1duosnuen JIoyiny vA

Qiu et al.

Page 9

To address the development of neural plasticity in the spinal cord of mice, we examined
the expression levels of GFAP, a marker for astrocyte activation, and IBA-1, a marker for
microglial activation in the dorsal horn of the lumbar spinal cord. Under chronic LBP
conditions (at 12-weeks post-surgery), the expression of GFAP was significantly elevated
in WT mice with DDD (p<0.001) as compared with the corresponding sham group and
those from gender- and age-matched vegfr-175X~~ mice with DDD (p<0.01). No significant
change in the expression level of GFAP was found in vegfr-17K~~ mice between the DDD
and sham groups (Fig. 5A~C).

Similarly, the expression of IBA-1, which represents microglial activation, was also
increased in WT mice under chronic back pain conditions compared to sham. The DDD
group of vegfr-17K7"mice, however, showed that the expression level of IBA-1 was almost
equivalent to those seen in the sham group at the chronic back pain stage (12 weeks after
surgery) (Fig. 5D-F). These results suggest that the plasticity of DRG sensory neurons and
glial activity in the spinal cord in vegfr-17X~mice is well preserved compared with the WT
mice in our DDD model.

3.6. Exogenous VEGF stimulates inflammatory- and catabolic markers through VEGFR-2,
but stimulates pain markers through VEGFR-1 in disc cells.

Given the in vivo results above, we next elucidated the detailed molecular mechanism and
signaling pathway of VEGF and its cognate receptors using in vitro cell culture system.
Bovine NP cells were isolated, cultured as described previously (Ellman et al., 2013; Kim et
al., 2010,2013). After exposure to different concentrations (10, 100, 500 ng/ml) of VEGF-A
for 24 hours, the cells were subjected to gRT-PCR and western-blot analyses. Stimulation of
NP cells with VEGF-A, in a dose-dependent manner, increased the levels of inflammatory
cytokines such as TNF-a and cartilage degrading enzymes such as MMP-13, as well as
pain-related markers such as NGF (Fig 6 A-F). Similar results were obtained using AF cells
in the presence of VEGF-A stimulation (data not shown).

Since VEGF-A can activate both VEGFR-1 and VEGFR-2, we then delineated the different
functional signaling through targeting each receptor by siRNA in the NP cells. NP cells
were cultured into monolayers and transfected with siRNA targeting either VEGFR-1 or
VEGFR-2 with and without VEGF-A stimulation (100 ng/ml) followed by gRT-PCR and
western blotting analyses. The presence of VEGF-A markedly increased the expression of
TNF-a, MMP-13 and NGF in a dose-dependent manner.

Silencing vegfr-1 by siRNA significantly suppressed VEGF-A-induced over-expression of
NGF, while the expression of TNF-a and MMP-13 was still significantly increased. On the
other hand, silencing vegfr-2 markedly reduced VEGF-A-induced over-expression of TNF-a
and MMP-13, while the expression of NGF remained significantly high (Fig 6 G-L). These
results suggest that VEGF can induce inflammatory and catabolic signaling pathways in disc
cells mainly through VEGFR-2, and induce pain pathways through VEGFR-1 activation.
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4. Discussion

How DDD develops and progresses to a painful and debilitating disease is unclear, and
represents key gaps in our knowledge. A striking feature of IVD degeneration is the
dramatic increase in the VEGF levels and in new blood vessel formation in the discs, both of
which correlate with the severity of DDD in both human and animal models. In this study,
we observed highly elevated VEGF expressions in the discs of DDD groups as compared
with the sham groups, which is consistent with the results observed in human degenerative
IVDs (David et al., 2010; Koike et al., 2003; Weber et al., 2015) as well as larger animal
models of DDD (Salo et al., 2008). These results suggest that VEGF contributes to the
pathological progression of disc degeneration.

VEGF-family ligands signal via multiple VEGFRs, including VEGFR1, VEGFR2 and
VEGFR3 (Ferrara et al., 2003; Hamilton et al., 2016; Shibuya et al., 2006). Among
VEGF-family ligands, VEGF-A activates both VEGFR-1 and VEGFR-2, while VEGF-B
and placental growth factor (PIGF) selectively activate VEGFR-1 (Meyer et al., 1999;
Ogawa et al., 1998). VEGFR-2 activation is thought to mediate the main effects of VEGF
on endothelial cell proliferation, differentiation, survival, migration and permeability, thus
contributing to vasculature development and maintenance in embryonic, fetal, postnatal and
adult period (Ferrara et al., 2003; Maharaj et al., 2007; Takahashi et al., 2005), as well

as being essential in some pathological process such as tumor angiogenesis, tissue repair
and remodeling, etc. Furthermore, accumulating evidence suggests that VEGF can induce
and accelerate the development of knee OA through activation of VEGFR-2 (Hamilton et
al., 2016; Nagao et al., 2017). In our DDD mouse model, it was noted that both WT and
vegfr-17K~/~ mice show similar presentations of disc degeneration. Despite the pathological
changes in the disc, pain was sufficiently blocked in vegfr-17K~~mice. We further
confirmed this phenomenon using in vitro cell culture studies, exogenous stimulation of
disc cells with VEGF was able to elevate the expression of pro-inflammatory cytokine TNF-
a and cartilage degrading enzyme MMP-13 in a dose-dependent manner. VEGF-induced
elevation of TNF-a and MMP-13 production was markedly antagonized by introduction of
SiRNA targeting VEGFR-2, while introduction of siRNA targeting VEGFR-1 failed to show
any significant effect on the VEGF-induced TNF-a and MMP-13 production. Together with
our in vivo study, these in vitro studies further suggest that selective activation of VEGFR-1
appears to be the primary pathway involved in pain sensitization, whereas activation of
VEGFR-2 plays a key role in disc degeneration processes.

The severity of disc degeneration from radiographic and pathological evidence often does
not correlate with perceived levels of pain sensation. Up to 40% of patients with severe
radiographic changes in VD are symptom-free, indicating that DDD pathology can be
uncoupled from pain sensation (Chou et al., 2011). Our findings suggesting that selective
activation of VEGFR-1 is the primary pathway involving LBP may challenge current
research paradigms. It is because, it has long been believed that VEGFR-2 is the primary
receptor that mediates the biological effects of VEGF, especially its angiogenic activities,
and that VEGFR-1 is less potent and may act as a negative regulator of VEGFR-2. For
this reason, the development of drugs has been heavily focused on anti-VEGFR-2 therapy.
More recently, it was suggested that VEGFR-1 and VEGFR-2 also play an important role
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in pain transmission (Im et al., 2010; Ludin et al., 2013). Indeed, our results suggest

that VEGFR-1 signaling is selectively involved in disc degeneration-evoked LBP sensation
through altering nociceptive pathway by interfering with the expression of pain-related
molecules in the peripheral tissue and the DRG sensory neuron along with stimulation

of spinal glial activity, which is beyond ‘mere angiogenesis’. Further studies focusing

on neuron-glial interactions that potentially lead to enhancement of nociceptive synaptic
transmission as spinal mechanisms, may warrant to advance our mechanistic understanding
of back pain and may identify VEGFR-1-selective signaling as the major discogenic LBP
transmission mechanism, thus, as a drug target for pain.

NGF and VEGF signaling appear to control the expression levels for each other. For
example, it is well known that NGF is a potent inducer of VEGF and VEGF strongly
arguments the expression of NGF. For instance, the NGF/TrkA axis highly stimulates
VEGFR-1 expression in the DRG sensory neurons (Das et al., 2018). VEGF is capable

of directly modulating the excitability of primary sensory neurons (Selvaraj et al., 2015);
itis likely that stimulation of one of these factors: either NGF or VEGF signaling may

be sufficient enough to trigger and develop back pain sensation in the injured discs. Our
previous study showed that conjugation of overexpressed NGF in the pathological joint
tissues with its cognate receptor TrkA present in the nerve terminals, directly influences on
axonal sprouting of the nociceptive nerve in the joint, affecting pain sensation regardless
of the degree of joint degeneration (Kc et al., 2016). The immunofluorescence analyses

in the current study revealed a deficiency of NGF and TrkA expression in the peripheral
disc tissues of vegfr-17K~~mice after disc injury (vegfr-17K~~DDD) compared to

age- and gender-matched WT mice (WT DDD). Immunofluorescence staining results of
innervating lumbar DRG also revealed the deficiency of NGF, CGRP and TRPV1 in the
peripheral nerves of vegfr-17X~~ mice, further suggesting less sensory neuronal plasticity
in vegfr-17K~~ compared to WT mice. Similarly, immunofluorescence analyses using the
spinal cord demonstrated no/minimal change in the astroglial activity in vegfr-17K~~mice
compared to age and gender-matched WT mice after disc injury, also suggesting reduced
plasticity in the central nervous system. Importantly, the results from these biochemical
analyses correlated with the behavioral pain responses in which vegfr-17K~~ mice clearly
demonstrated insensitivity to disc injury-induced LBP.

Taken together, our findings from an established mouse model of DDD and in vitro studies
indicate that VEGF modulates LBP sensation by activation of the VEGFR-1 pathways while
VEGREF-2 signaling pathway mainly contributes to IVVD degeneration. Thus, blockage of
VEGF or combined targeting of VEGFR-1 and VEGFR-2 may have therapeutic effects in
degenerative diseases of discs.
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Figure 1.
Deficiency of tyrosine kinase in VEGFR-1 (vegfr17K~") reduces the severity of discogenic

low back pain without reversing the intervertebral disc (1VVD) degeneration induced by
anterior extraperitoneal disc stabbing in 12-week-old vegfr-17X~/~ mice and age-matched
wild-type (WT) mice. Each disc shown is representative of a group of mice (n=5). (A)
Histological assessment, by Safranin-O/fast green staining, of the proteoglycan induced
degradation of the IVD. Each picture shows representative images of the 1\VDs from the
indicated group (bars = 200 pm for the integral 1VD and bars = 40um for magnified NP
and AF areas). (B). Quantitative assessment of disc degradation using a modified Masuda’s
grading score, comparing sham groups with stabbed groups. Significant differences were
found in both DDD groups compared to their respective sham groups (n=5 per group).
*P<0.05, **P< 0.01, ***P< 0.001, compared to the sham-operated group. (C) Mechanical
hyperalgesia was investigated using the von Frey filament test. The paw withdrawal
threshold (PWT) of the DDD group of wt mice (n=10) markedly decreased until 12

weeks post-surgery, while the PWT values of the DDD group of vegfr-17X~~ mice (n=10)
gradually recovered after surgery compared with the DDD group of WT mice. Sham groups
(n=10 for each) showed similar values in both WT and vegfr-17K~~mice. (D) Thermal
hyperalgesia was assessed using the hot-plate test. The paw thermal threshold (PTT) in the
DDD group of WT mice(n=10) was significantly decreased at 8 and 12 weeks after surgery
while the PTT in the DDD group of vegfr-17K~~mice (n=10) gradually recovered during
the 8 weeks after surgery. (E) The burrowing test. The DDD group of WT mice (n=10)

did less burrowing than sham mice (n=10) at 4, 8, and 12 weeks, while the burrowing of
the DDD group of vegfr-17K~~ mice (n=10) gradually recovered during the 4 weeks after
surgery. *P<0.05, **P< 0.01, ***P< 0.001, comparing the DDD group of vegfr-17K~~mice
to the DDD group of WT mice.
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Figure 2.

Inflammatory cytokine and catabolic enzyme expression in 1VDs after disc stabbing surgery.
Representative immunofluorescence staining for TNF-a (A), VEGF (D), MMP-13 (G) and
Adamts-5 (J) in the discs of DDD and sham mice at 12 weeks post-surgery (bars=200pum for
the integral discs, bars=20um for magnified NP and AF areas). Quantitative analyses showed
that TNF-a (B, C), VEGF (E, F), MMP-13 (H, J) and ADAMTS-5 (K, L) expression in the
NP and AF in either DDD group mice was markedly increased compared with the respective
sham group (n=5 per group), while there were no significant difference between both DDD
groups of vegfr-17K~~and WT mice(***P< 0.001; ns, not significant).
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Figure 3.
NGF and TrkA expression was reduced in the discs of vegfr-175~~mice compared to WT

mice of the DDD groups. Representative immunofluorescence staining for NGF (A) and
TrkA (D) in the 1VVD of DDD and sham mice at 12 weeks post-surgery (bars=200um for

the integral discs, bars=20um for magnified NP and AF areas). Quantitative analyses showed
that NGF (B, C) and TrkA (E, F) expression in 1VDs of the DDD group of vegfr-17K~~
mice was significantly lower than that in the 1'\VDs of the DDD group of wt mice at 12 weeks
after surgery. (n=5 per group) (***P< 0.001).
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Figure 4.
VEGFR-1 tyrosine kinase deficiency reduced expression of pain-related targets in the dorsal

root ganglion (DRG) after disc stabbing surgery. (A, C & E) Double immunofluorescence
staining of NGF (A), CGRP (C) or TRPV1 (E) with NeuN (green) labeled neurons in DRGs
of each group of mice. Co-localization of the two stains appears yellow. 4, 6-diamidino-2-
phenylindole (DAPI) stains nuclei blue. Bars=20 pm. (B, D & F) Quantitative analyses show
that expression of NGF, CGRP and TRPV1 in DRGs from the DDD group of vegfr-17K~/~
mice was significantly lower than that from the DDD group of WT mice at 12 weeks after
surgery. (n=5 per group) (Values are mean + SD. **P< 0.01, ***P< 0.001).
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Figureb.
Astrocyte and microglia reactivity in the lumbar part of the spinal cord following disc

stabbing surgery. (A & D) Representative immunofluorescence images showing results of
staining for glial fibrillary acidic protein (GFAP, an astrocyte marker) (A) and ionized
calcium-binding adapter molecule 1 (IBA-1, a microglia marker) (B) in lumbar spinal

cord of each group of mice(bars=100um for the integral spinal cord and bars=20um for

the magnified dorsal horn areas). (B & C) Quantitative analyses show that at 12 weeks
post-surgery, although the number of GFAP-ir neurons in both DDD group were increased
compared to the respective sham group, the number in the DDD group of vegfr-17K~~mice
were significantly lower than that in the DDD group of wt mice. (E & F) The number of
IBA-1-ir neurons(red arrows) in the DDD group of wt mice markedly increased compared
to the respective sham group, while there was no difference between the DDD group and
the sham group of vegfr-17K~~mice and no difference between both DDD groups of
vegfr-1"K~~ and WT mice. (n=5 per group). (**P< 0.01, ***P< 0.001; ns, no significance)
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Analysis of different functions of VEGF mediated by VEGFR-1 and VEGFR-2 on bovine
NP cells. (A-F) VEGF-A at different concentration was added to the NP cells and incubated
for 24 hours after starving in serum-free medium over night. Real-time PCR and western
blot analyses revealed that introduction of VEGF-A to bovine NP cells significantly
increased the expression of TNF-a, MMP-13 and NGF in a dose-dependent manner for
RNA levels (A-C) and protein levels (D-F). (G-L) Bovine NP cells were transfected with
VEGFR-1 siRNA or VEGFR-2 siRNA with Lipofectamine 2000 and then treated with
VEGF-A 100ng/ml for 24 hours. Real-time PCR and western blot analyses revealed that
VEGFR-1 silencing significantly suppressed the VEGF-A induced over expression of NGF
(I, L), while the expression of TNF-a (G, J) and MMP-13 (H, K) was still significantly
increased compared to the negative control. And VEGFR-2 silencing markedly reduced

the VEGF-A induced over expression of TNF-a (G, J) and MMP-13 (H, K), while the
expression of NGF (I, L) still remained at a significantly higher level. All values are mean +

SEM. *P<0.05, **P<0.01, ***P< 0.001.

J Cell Physiol. Author manuscript; available in PMC 2022 December 23.



1duosnue Joyiny vA 1duosnue Joyiny wA

1duosnue Joyiny vA

Qiu et al. Page 22

Table 1

Primer Sequences for gRT-PCR analysis in bovine disc cell culture.

Target Forward Primer Reverse primer Primer Sequence

TNF-a CACGTTGTAGCCGACATCAACTCT GTTGTCTTCCAGCTTCACACCGTT NM_173966.2

MMP-13  GCTTCCTGATGATGATGTCCAAGGGA AGGGTCACATTTGTCTGGCGTT NM_174389

NGF GACCCACACCTTCGTCAAG GTGTGTGCTCAGCAGGAA NM_001099362

18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG NR_003286

MMp-13: Matrix metallopeptidase 13; TNF-a: Tumor necrosis factor alpha; NGF: Nerve growth factor; CGRP: Calcitonin Gene-related Peptide;
18s: 18S ribosome.

J Cell Physiol. Author manuscript; available in PMC 2022 December 23.



	Abstract
	Introduction
	Methods
	Experimental animals and surgical procedures
	Animal pain behavioral tests
	Histology
	Immunofluorescence staining in discs
	Immunofluorescence staining in DRG and spinal cord
	Nucleus pulposus (NP) cells isolation, culture, treatment, and transfection
	RNA Isolation and Quantitative Real-time Polymerase Chain Reaction (qRT-PCR)
	Western blot analysis
	Statistical analysis

	Results
	Intervertebral disc degeneration develops in both vegfr-1TK−/− and WT mice after disc injury.
	vegfr-1TK−/− mice display insensitivity to pain compared to WT mice.
	Similar levels of inflammation and catabolism were identified in the discs for both vegfr-1TK−/− and WT mice.
	NGF and TrkA expression was reduced in the discs of the vegfr-1TK−/− mice correlating to the reduced pain behavior.
	Plasticity of DRG sensory nervous system and spinal glial activity were better preserved in vegfr-1TK−/− mice.
	Exogenous VEGF stimulates inflammatory- and catabolic markers through VEGFR-2, but stimulates pain markers through VEGFR-1 in disc cells.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1

