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Painful, degenerating intervertebral discs up-regulate neurite
sprouting and CGRP through nociceptive factors
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Abstract

Intervertebral disc degeneration (IVD) can result in chronic low back pain, a common cause of morbidity and disability. Inflammation has been
associated with IVD degeneration, however the relationship between inflammatory factors and chronic low back pain remains unclear. Further-
more, increased levels of nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF) are both associated with inflammation and
chronic low back pain, but whether degenerating discs release sufficient concentrations of factors that induce nociceptor plasticity remains
unclear. Degenerating 1VDs from low back pain patients and healthy, painless IVDs from human organ donors were cultured ex vivo. Inflamma-
tory and nociceptive factors released by I1VDs into culture media were quantified by enzyme-linked immunosorbent assays and protein arrays.
The ability of factors released to induce neurite growth and nociceptive neuropeptide production was investigated. Degenerating discs release
increased levels of tumour necrosis factor-o, interleukin-1p, NGF and BDNF. Factors released by degenerating IVDs increased neurite growth
and calcitonin gene-related peptide expression, both of which were blocked by anti-NGF treatment. Furthermore, protein arrays found increased
levels of 20 inflammatory factors, many of which have nociceptive effects. Our results demonstrate that degenerating and painful human 1VDs
release increased levels of NGF, inflammatory and nociceptive factors ex vivo that induce neuronal plasticity and may actively diffuse to induce
neo-innervation and pain in vivo.
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Introduction

Low back pain has a lifetime prevalence of 60-80% and is associ-
ated with profound socioeconomic costs [1]. Intervertebral disc
(IVD) degeneration is a major cause of low back pain [2]. The IVD
is composed of two distinct regions; the outer annulus fibrosus

*Correspondence to: Lishet HAGLUND,
Department of Surgery, Montreal General Hospital,
McGill University Health Centre, Room €9.173,
1650 Cedar Ave, Montreal, QC, Canada H3G 1A4.
Tel.: (514) 934 1934 ext. 35380

Fax: (514) 843 1699

E-mail: lisbet.haglund@mcgill.ca

© 2014 The Authors.

(AF) and the central nucleus pulposus (NP). Healthy, pain-free IVDs
are mostly avascular and aneural with neurites penetrating only the
outer layers of the AF. However, evidence suggests that degenerat-
ing, painful IVDs are innervated [3], supporting a relationship
between discogenic pain and increased IVD innervation. The extra-
cellular matrix of healthy IVDs contains high concentrations of
negatively charged proteoglycans, providing an unfavourable
environment for neurite growth [4]. However, with degeneration
proteoglycans are fragmented and released from the tissue [2],
potentially creating an environment more permissive to neurite
ingrowth.

Several animal models for disc degeneration show increased
intervertebral disc innervation by the identification of calcitonin
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gene-related peptide (CGRP) and Substance P-expressing fibres
[5-7], the majority of which are thought to be nociceptors. Nociceptive
fibres have also been reported in degenerate human disc tissue [3, 8,
9], suggesting a mechanistic role in pain associated with degenerative
disc disease. However, the direct mechanism of discogenic pain
in vivo has yet to be established.

Nerve damage and neuronal sensitization are hypothesized to
play a role in chronic pain associated with degenerative disc dis-
ease [10, 11]. As degenerating IVDs lose height or herniate, the
dorsal root ganglion (DRG), nerve root or spinal cord can be com-
pressed, leading to neuropathic pain [12, 13]. Furthermore, the
inflammatory processes involved in IVD degeneration have been
hypothesized to contribute to chronic back pain [12]. These fac-
tors can induce neuronal sensitization, leading to the development
of inflammatory pain, a process separate from neuropathic pain.
In vitro studies on either treated disc cells or cells isolated from
degenerating 1VDs have shown increases in pro-inflammatory and
pro-nociceptive factors such as interleukins IL-1B, IL-6, tumour
necrosis factor-o. (TNF-o), nerve growth factor (NGF) and brain
derived neurotrophic factor (BDNF) [12, 14, 15]. NGF and BDNF
are neurotrophins that promote neuronal development, survival
and growth. NGF and BDNF produced in vitro by cultured disc
cells stimulate neurite growth in neuronal cell lines [16]. They can
also modulate pain and increase the expression of the nociceptive
neuropeptides Substance P and CGRP in neurons [10]. Therefore
inflammatory and neurotrophic factors may play a significant role
in discogenic pain. However, it remains unclear whether degener-
ating human IVDs release sufficient concentrations of NGF and
BDNF to stimulate neurite growth and nociceptive peptide produc-
tion.

The present study investigates the factors actively released by
degenerating and painful 1IVDs, and determines whether they can
directly induce innervation and activation of pain-sensing fibres. We
show in real-time that ex vivo, degenerating IVDs release factors that
induce neurite growth and nociceptor plasticity, as compared to
healthy disc cultures. From this study, we propose that inflammation
associated with IVD degeneration may directly contribute to the devel-
opment of chronic low back pain.

Materials and methods

Tissue sources

This study was approved by McGill University Institutional Review Board
(IRB# A04-M53-08B) project titled ‘Human Intervertebral Discs used for
Culture and Extracellular Matrix’. Eight degenerating 1VDs from six
females and two males, ages 33-58 years (mean 40.4 years) were
resected en bloc from consenting patients undergoing discectomy, in-
terbody arthroplasty or fusion for chronic discogenic axial low back
pain. Throughout this study, these surgically removed samples are
called degenerating, painful 1VDs. Eleven healthy, pain-free IVDs from
six female and two male organ donors, ages 20-50 years (mean
35.6 years) were obtained through the Transplant Quebec Organ
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Donation Program from individuals who had undergone sustained
brain death. IVDs from organ donors were inspected for visual signs
of degeneration. X-rays of the lumbar spinal segments were evaluated
for signs of disc degeneration, loss of disc height, endplate spurs and
intradiscal calcification. In addition, a family member completed a back
pain questionnaire about pain history and treatment for back pain of
the donor. Intervertebral discs that showed signs of degeneration or
came from donors with a history of back pain were excluded from the
study.

IVD isolation and culture

Healthy control IVDs were isolated from organ donors as previously
described [17]. Briefly, both degenerating and healthy IVDs were cul-
tured using a method that has more than 95% cell viability after
7 days in culture [17, 18]. Briefly, intact discs were washed in PBS
supplemented with 5 pg/ml Gentamicin (Gibco, Burlington, ON, Can-
ada) and 0.125 pg/ml fungizone (Gibco) for 5 min., then twice in
Hanks Balanced Salt Solution (HBSS; Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 5 pg/ml Gentamicin (Gibco) and 125 ng/ml
fungizone (Gibco) for 5 min. Discs were cultured in 3.5 ml per gram
of tissue in serum-free IVD media (DMEM, Sigma-Aldrich), 50 pg/ml
ascorbic acid, 5 pg/ml Gentamicin (Gibco), 0.125 pug/ml fungizone
(Gibco) and 1x glutamax (Gibco) as previously described [17, 18]. A
volume of 3.5 ml media per gram of tissue is sufficient to completely
submerge discs and to maintain long-term cell viability [17, 18]. Cul-
tures were maintained at 37°C and 5% CO, for 48 hrs. Degenerating,
painful IVD conditioned media and healthy, pain-free IVD conditioned
media were collected and frozen as individual samples at —80°C for
later analysis. The conditioned medium was filter sterilized and sup-
plemented with 5 pug/ml Gentamicin (Gibco), penstrep (25 U/ml Peni-
cillin, 25 pg/ml Streptomycin, Gibco) and 0.125 ug/ml fungizone
(Gibco) prior to use in neuronal cultures.

Conditioned media analysis

The concentration of TNF-oo (ELH-TNFALPHA-001; RayBiotech,
Norcross, GA, USA), NGF (ELH-BNGF-001; RayBiotech), BDNF (ELH-
BDNF-001; RayBiotech) and IL-1B (ELH-IL1BETA-001; RayBiotech) in
the culture medium was quantified using ELISA according to manufac-
turers’ instructions. Duplicate 100 pl samples of each conditioned
medium were incubated in ELISA plates overnight at 4°C. Colorimetric
absorbance was measured with a Tecan Infinite M200 PRO (Tecan,
Mannedorf, Switzerland) and analysed with i-control 1.9 software
(Tecan). Duplicates were averaged and the mean concentrations for
healthy and degenerating IVDs were calculated.

RayBio Human Cytokine Array 1 Maps (product code: AAH-CYT-1;
RayBiotech Inc.) were used to determine the relative quantities of 23
cytokines according to manufacturer’s instructions. Arrays were imaged
with the provided enhanced chemiluminescence kit using an Image-
Quant LAS4000 (GE Healthcare, Baie d’Urfe, QC, Canada). ImageQuant
TL array analysis software (GE Healthcare) was used to analyse the
blots. The relative quantity of each factor present in each media sample
was calculated using the controls included on the protein arrays. Mean
relative quantities of each factor for the degenerating and healthy
groups were then calculated.

© 2014 The Authors.
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Mouse DRG neuron isolation

Studies were approved by the Animal Care Committee at McGill Uni-
versity, and conformed to the ethical guidelines of the Canadian Coun-
cil on Animal Care and the Committee for Research and Ethical Issues
of IASP. Mouse DRG cell cultures were derived as previously
described by Malin et al. [19]. Dorsal root ganglion were dissected
from the spine, digested in papain (Worthington Biochemical Corpora-
tion, Lakewood, NJ, USA), followed by collagenase type Il (Worthing-
ton). Cells were mechanically dissociated by pipetting the solution up
and down, the suspension was then passed through a cell strainer
to separate the neurons from remaining debris. The neurons were
collected by centrifugation and resuspended in F12 medium (Gibco)
supplemented with 10% FBS, 10 U/ml Penicillin and 10 ug/ml Strepto-
mycin (Gibco). The isolated neurons were cultured in eight well chamber
slides (BD Biosciences, Bedford, MA, USA) coated with 5 pg/ml
Laminin (BD Biosciences) and 5 pg/ml Poly-p-Lysine (BD Biosciences)
at 37°C and 5% CO,.

Cell culture

Rat adrenal pheochromocytoma (PC12) cell line expresses the receptor
for and responds to NGF. When exposed to NGF they take on a neuro-
nal-like phenotype. They are commonly used to study neuronal differen-
tiation and neurite sprouting [20-22]. PC12 cells (ATCC, Manassas, VA,
USA) in passages 2-7 were cultured on six-well plates (Nunc) or eight-
well chamber slides (Nunc) coated with 50 pg/ml rat tail collagen type |
(Gibco) and 10 pg/ml Poly-L-Lysine (Sigma-Aldrich). The cells were
maintained for 24 hrs in RPMI (Gibco) media containing 10% horse
serum (Gibco), 5% FBS (Gibco) and 1x antibiotic/antimycotic (anti-anti)
solution (Gibco).

PC12 and neuronal culture media were replaced after a 24 hr accli-
matization period, with IVD medium supplemented with 0.1% FBS (Gib-
co) containing either no NGF, 2.5 ng/ml (Bioshop, Burlington, ON,
Canada; PC12 cells), 100 pg/ml (PC12 cells and neurons) or 10 ng/ml
NGF (neurons), degenerating IVD conditioned medium or healthy IVD
conditioned medium. 2.5 ng/ml NGF for PC12 cells was selected as the
positive control based on a serial dilution that showed an effect similar
to higher doses of NGF (data not shown). 10 ng/ml NGF was selected
for neuronal cultures based on the literature [23]. PC12 cells were
exposed for 24 or 48 hrs to the different media (n= 3 in each IVD
media group, n=2 for each control for 24 hr cultures and n=6 in
each VD media group, n = 3 for each control for 48 hr cultures). Dor-
sal root ganglion neurons were exposed for 48 hrs to the different
media (n = 3 in each IVD media group, n= 2 for each control group)
for conditioned media cultures, samples from the low, middle and high
range of NGF concentrations were used.

Nerve growth factor neutralization experiments were performed over
48 hrs using a mouse monoclonal NGF antibody (Exalpha Biologicals
Inc., Shirley, MA, USA) raised against human NGF. A 200-fold molar
excess compared to 10 ng/ml was used. The antibody was pre-incu-
bated with media containing 10 ng/ml and 100 pg/ml NGF (n = 2 for
each) and IVD conditioned media (n = 3 for PC12 cells, n = 2 for neu-
rons) for 1 hr at room temperature prior to applying to neuronal cul-
tures. Anti-NGF was added to media with NGF to ensure antibody
efficacy. Pre-immune mouse IgG (Sigma-Aldrich) used at the same con-
centration as NGF antibody was incubated with NGF containing media
prior to application to cultures.

© 2014 The Authors.
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PC12 culture image acquisition and neurite
analysis

Each medium was applied in duplicate wells and two random images
per well were taken using a Zeiss Axiovert 40 C inverted light micro-
scope (Toronto, ON, Canada) with a Canon PowerShot A640 camera
and 52 mm Soligor adaptor tube (Mississauga, ON, Canada). The per-
centage of cells with neurites was determined and then averaged for
each experimental condition.

Reverse transcription and quantitative real-time
PCR

Quantitative real-time PCR (qRT-PCR) was performed after 24 and
48 hrs on the same cultures used to quantify neurite growth (n =3 in
each IVD media group, n = 2 for each control for 24 hr cultures and
n= 6 in each IVD media group, n=3 for each control for 48 hr cul-
tures). RNA was extracted from PC12 cultures using TRIzol Reagent
(Invitrogen, Burlington, On, Canada). Approximately 500 ng of RNA was
reverse transcribed to cDNA (qSqript ¢cDNA; Quanta Biosciences, Gai-
thersburg, MD, USA) using an Applied Biosystem Veriti thermal cycler
(Applied Biosystems, Carlshad, CA, USA). qRT-PCR was performed as
previously described [24]. Briefly, gqRT-PCR was performed with Per-
feCTa SYBR Green FastMix (Quanta Biosciences) on an Applied Biosys-
tems StepOnePlus using specific primers [25] to Neurofilament Light
Chain (NF-L), plasminogen activator, urokinase receptor (Plaur), polo-
like kinase 2 (PIk2) poliovirus receptor (PVR), vaccinia growth factor
(VGF), which are associated with neurite growth [25]. B-actin was used
as an endogenous control and average fold change in each gene was
normalized to the no NGF control according to the 2“2 method [26].

Immunohistochemistry and image acquisition of
DRG cultures

Dorsal root ganglion cultures were fixed for 10 min. in 4% paraformalde-
hyde at room temperature, washed three times in PBS and incubated at
room temperature for 1 hr in blocking buffer containing 0.3% Triton X-
100, 1% bovine albumin serum, 1% normal donkey serum, 0.1% sodium
azide in PBS. The slides were then incubated with a Protein Gene Product
(PGP 9.5) rabbit monoclonal antibody (1:2000; Ultraclone Limited, Isle of
Wight, UK, catalogue number RAB95101) and a CGRP sheep polyclonal
antibody (1:1000; Enzo Life Sciences Inc., Farmingdale, NY, USA, cata-
logue number CA1137, lot 12031227) in blocking buffer overnight at 4°C.
Slides were washed three times in PBS and incubated with the secondary
antibodies (Alexa Flour® 488-conjugated Donkey anti-rabbit, catalogue
number 711-545-152, and Cy™3-conjugated Donkey Anti-Sheep, product
number 713-165-147, Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA) for 1.5 hrs at room temperature followed by exposure
to DAPI (1:5000; Sigma-Aldrich) in PBS for 10 min. and then two washes
with PBS. Slides were mounted using Aqua Polymount (Polysciences
Inc., Warrington, PA, USA) and images were acquired using an Olympus
BX51 (Tokyo, Japan) microscope equipped with a colour digital camera
(Olympus DP71). Five random images (20x magnification) were taken of
each well, making a total of 10 images per condition tested. A total of 20
images of each control were taken and 30 images of degenerating and 30
images of healthy media-treated cells were taken. For anti-NGF neutraliza-
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tion experiments, 10 images per control condition and 20 images per
degenerating media-treated cells were taken.

DRG culture image analysis

The acquired images of each location were combined in Photoshop CS2
and ImageJ was used to establish thresholds for positive staining of
each marker. PGP 9.5 (green)- and CGRP (red)-immunoreactive cells
were counted in separate channels. Images were assessed in a blinded
and randomized manner. Calcitonin gene-related peptide immunoreac-
tive neurons are reported as a percentage of all neurons (PGP 9.5-
immunoreactive cell bodies). All CGRP-immunoreactive cell bodies were
also PGP 9.5 immunoreactive.

Statistical analysis

Graphpad Prism 6 (La Jolla, CA, USA) was used for all statistical analy-
ses. Unpaired ttests were used to test for differences between degenera-
tive and healthy groups for each factor present on antibody arrays and
TNF-or and NGF ELISAs. Unpaired Mann-Whitney test was used for BDNF
ELISA analysis. Differences between neurite sprouting and CGRP expres-
sion were tested using one-way aAnovas with post hoc Tukey tests. Gene
expression from 2.5 ng/ml NGF, healthy IVD media and degenerating
IVD media cultures was compared to the —-NGF control using a two-tailed
t-test. For all tests, significance was established at P < 0.05. All data are
presented as the mean value + standard error of the mean in the text.
Data are graphed as mean values with the 95% confidence intervals.

Results

Degenerating IVDs release increased quantities
of TNF-o, IL-1p, NGF and BDNF

Asisolated IVD cells can release inflammatory and nuerotrophic factors
[27, 28] and histological analyses of degenerate tissue have confirmed

this [8, 29], we quantified the ability of degenerating 1VDs to actively
release these factors ex vivointo culture media. Intervertebral discs was
cultured onavolume perweight. ELISAanalysis revealed that degenerat-
ing, painful 1VDs released a significantly greater amount of TNF-o
(138.3 & 24.7 pg/ml, P = 0.01, Fig. 1A) compared to healthy, pain-
free IVDs (69.2 + 22.6 pg/ml). NGF released at a significantly greater
amount by degenerating, painful IVDs (44.2 + 6.5 pg/ml, P < 0.001,
Fig. 1B) compared to healthy, pain-free IVDs (12.5 + 4.5 pg/ml). Brain
derived neurotrophic factor was significantly higher in the media from
degenerating, painful IVDs (1.54 + 0.026 ng/ml, P = 0.004, Fig. 1C),
compared to control IVDs (0.67 4 0.039 ng/ml). Degenerating, painful
IVDs released detectable amounts of IL-1p, but not all healthy, pain-free
IVDs released IL-1p above the detection limit (0.48 pg/ml) of the assay
(datanot shown). Therefore, the difference between the two groups was
notdetermined.

Degenerating, painful IVD conditioned media
increase neurite sprouting in PC12 cells

As degenerating, painful IVDs release increased amounts of NGF and
BDNF ex vivo, the conditioned media were tested for the ability to
stimulate neurite growth in PC12 cells. After 48 hrs of culture,
20 + 3% of untreated cells, 78 + 4% of NGF-treated cells,
29 + 2% of cells cultured in healthy, pain-free IVD media and
64 + 2% of cells cultured in degenerating, painful IVDs had neurites
(Fig. 2A and B; n = 6 IVDs for each conditioned media group). A sig-
nificantly greater proportion of cells treated with NGF extended neu-
rites when compared to untreated cells (P < 0.0001). There was no
significant difference in the proportion of cells with neurites between
untreated and healthy IVD media groups (P = 0.25). NGF cultures
had a greater proportion of cells compared to degenerating media
groups (P <0.01). However, degenerating, painful IVD media
induced neurite sprouting in a significantly greater percentage of cells
compared to cells cultured in healthy, pain-free VD media
(P = <0.0001) (Fig. 2) indicating that painful, degenerating IVDs pro-
duce factors that promote neurite growth.
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Fig. 1 Tumour necrosis factor-o. (TNF-o; A), nerve growth factor (NGF; B) and brain derived neurotrophic factor (BDNF; C) mean concentrations in
media from healthy pain-free or degenerating, painful intervertebral disc (IVDs). n = 8 in degenerate, painful group and n = 11 in healthy, pain-free
group for TNF-oo and NGF +95% CI, unpaired ttest. n = 7 in degenerating, painful group and n = 9 in healthy, pain-free group for BDNF, +95%
Cl, Mann—Whitney test. **P < 0.01, ***P < 0.001.
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The ability of NGF released by degenerating IVDs to induce neurite
sprouting was determined through NGF sequestration. In these exper-
iments, 100 pg/ml NGF was used as an additional control because
this is similar to the highest concentration measured in degenerating
IVD conditioned media (Fig 1B). However, 100 pg/ml NGF alone was
not sufficient to drive a significant increase in neurite sprouting in
48 hrs compared to untreated cultures (28 + 3% versus 19 + 3%,
P =0.667). Anti-NGF treatment significantly reduced the percentage
of cells with neurites (9 + 1%) in cultures treated with 2.5 ng/ml
NGF (P < 0.001), whereas normal IgG had no effect on neurite
sprouting (70 + 2%, P = 0.8517). Anti-NGF treatment of degenerat-
ing, painful IVD media significantly reduced the percentage of cells
with neurites compared to degenerating IVD media without antibody
(25 + 5% versus 64 + 2%, P < 0.001, n = 3 IVD samples for each
group). There was no significant difference in the percentage of cells
with neurites between healthy IVD media and anti-NGF-treated degen-
erating media cultures (P = 0.929, Fig. 2). Interestingly, this data
indicate that NGF released by degenerating IVDs is required for
increased neurite growth but that additional factors are required to
allow such low concentrations to stimulate neurite growth.

Gene expression associated with neurite growth
is increased in degenerating, painful IVD media
cultures

To confirm that degenerating, painful IVD media induce neuronal dif-
ferentiation, gene expression analysis of common neuronal markers
was performed. After 24 hrs of culture, degenerating, painful IVD
media caused strong trends for increased expression of NF-L, Plaur,
Plk2, PVR and VGF (Fig. 2F). Healthy media caused both up- and
down-regulation of gene expression. At 48 hrs, degenerating VD
media caused a significant up-regulation of NF-L, Plaur and
VGF, whereas healthy media caused a significant up-regulation of
only NF-L.

Degenerating, painful IVD media increase CGRP
expression in mouse DRG neurons

Calcitonin gene-related peptide is a neurotransmitter that acts as a
pain modulator and increased production can cause hyperexcitability
and sensitization. To determine the effect of degenerating, painful IVD
media on CGRP expression, DRG neurons were exposed to this media
and compared healthy pain-free IVD media. After 48 hrs, neuronal
cultures were analysed for the expression of the general neuronal
marker PGP 9.5 (green) and CGRP (red; Fig. 3A). The proportion of
neurons that showed CGRP expression was analysed for each treat-
ment. 16 + 1% of untreated neurons, and 30 + 2% of 10 ng/ml
NGF-treated neurons expressed CGRP. Similar to untreated controls,
18 4+ 2% of neurons cultured in healthy, pain-free IVD media
expressed CGRP. Similar to NGF-treated controls, 29 + 2% of neu-
rons cultured in degenerating, painful IVD media were CGRP immu-
noreactive. 10 ng/ml NGF-treated neurons had a significantly higher

© 2014 The Authors.
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percentage of CGRP-immunoreactive cells compared to untreated
controls (P = 0.0045). There was no difference in CGRP immunore-
activity between non-treated and healthy, pain-free media groups
(P=0.9999) or between NGF-treated and degenerating, painful
media groups (P > 0.9999). A significantly greater proportion of cells
cultured in degenerating, painful IVD were CGRP immunoreactive
compared to neurons cultured in healthy, pain-free IVD media
(P =0.007, Fig. 3B).

To determine if NGF released from degenerating IVDs is contribut-
ing to the increase in CGRP immunoreactivity, experiments using an
anti-NGF antibody were conducted. Like in PC12 cultures, 100 pg/ml
of NGF was used as an additional control in this set of experiments.
Following treatment with 100 pg/ml of NGF, 26 + 1% of neurons
were CGRP immunoreactive, which was not significantly different
from 10 ng/ml NGF-treated neurons (P = 0.97). Incubating 100 pg/
ml NGF media with normal 1gG did not significantly alter CGRP immu-
noreactivity (P =0.99). In contrast, incubating media containing
100 pg/ml of NGF with an anti-NGF antibody, CGRP expression was
significantly reduced to 13 + 3% (P = 0.038). Similarly, addition of
anti-NGF antibody to degenerating, painful IVD media significantly
reduced CGRP expression to 20 + 2% (P = 0.048) when compared
to degenerating media without the antibody (Fig. 4, n = 2 IVD sam-
ples in each group).

Degenerating IVDs release a multitude of
pro-inflammatory and pro-nociceptive factors

Although the degenerating IVD media induced neurite growth, the
same concentration range of NGF alone was insufficient. Therefore,
protein arrays were used to identify potential cooperative factors [30].
Degenerating and painful IVDs released significantly higher levels of
20 of these factors (Fig. 5A-D, Table 1). Fifteen factors had a P value
below 0.01 (GCSF, GM-CSF, IFN-v, IL-2, IL-3, IL-5, IL-6, IL-7, IL-15,
CCL2, CCL7, CCL8, MIG, RANTES and TNF-), and five factors had a
P value between 0.01 and 0.05 (IL-1e, IL-13, TNF-o, GRO and
CXCL1). There was no difference in the relative quantities of IL-8, IL-
10 and TGF-B1 between the two groups (Fig. 5D, Table 1). The rela-
tive mean quantities and a summary of previous studies implicating
specific factors with either degenerating IVDs and/or pain are listed in
Table 1. Of particular interest are IFN-y, IL-6, CCL2 and CXCL1
because of their suggested role in IVD degeneration, neuronal sensiti-
zation and pain [10, 31-37]. Figure 5E shows the individual donor
variation in these factors. IFN-y and CXCL1 showed a fairly large
donor variation especially in the degenerate samples whereas the lev-
els of IL-6 and CCL2 were much more homogeneous in their expres-
sion levels within each of the two groups.

Discussion

Low back pain associated with VD degeneration is a leading cause of
chronic pain and morbidity, but how disc degeneration causes pain is
not fully understood. Pain arises through a complex interplay between
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IVD matrix remodelling, the production of inflammatory, nociceptive
and neurotrophic factors, nerve root and sensory neuron compres-
sion and disc innervation. Here, we show that degenerating IVDs sur-
gically removed from axial low back pain patients release increased
levels of several pro-inflammatory and pro-nociceptive factors that
are able to drive neurite sprouting of PC12 cells and increase CGRP
expression in primary neurons compared to healthy IVDs from
donors who did not suffer from back pain. Moreover, we show that
NGF is required to drive these observed effects. We demonstrate a
direct link between disc degeneration and nociception by comparing
degenerating and healthy human discs ex vivo.

Multiple studies have suggested that inflammatory and neuro-
trophic factors are present in degenerating disc tissue [8, 29], and
isolated 1VD cells can actively secrete these factors in culture [27,
28]. Moreover, treating cells isolated from either degenerating or
healthy IVDs with cytokines, such as IL-1p or TNF-o,, induces produc-
tion of the neurotropic factors NGF and BDNF [38, 39]. To establish a
more direct link to in vivo disc degeneration, the present study uses a
whole organ, ex vivo culture approach to compare the profile of fac-
tors released from degenerating and painful discs to healthy discs
obtained from pain-free transplant donors. This approach leaves the
IVD cells in their native environment and minimizes the effects of cell
isolation and culture. In addition, the whole organ culture approach
maintains in vivo cell densities whereas cell culture studies maintain
much higher relative cell densities. These variables potentially affect
IVD inter- and intracellular interactions, possibly influencing the pro-
file of secreted factors.

While previous studies have implicated some of the factors in Fig-
ures 1and 5, Table 1, NGF and BDNF in disc degeneration through in
vitro cell culture studies or histological analysis, direct release of all
of these factors has yet to be determined in vivo. Our ex vivo organ
culture model demonstrates that degenerating IVDs from patients
with chronic axial low back pain are releasing significantly higher lev-
els of inflammatory and nociceptive factors compared to healthy
discs. At this point it is not clear if all degenerating discs produce
inflammatory and nociceptive factors or they are only produced by
discs found in low back pain patients. We were unable to include
degenerating IVDs from pain-free individuals in the present study
because degenerating discs are not removed from individuals not suf-
fering from chronic back pain and it is not possible to obtain a reliable
long-term back pain history of an organ donor post-mortem. Many of
these factors can potentially modulate neurite growth, nociceptive
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related neuroplasticity and chronic pain. These results suggest that
inflammatory and nociceptive factors may be secreted in vivo from
degenerating discs in low back pain patients, where they are likely
playing a direct role in discogenic low back pain.

Nerve growth factor and BDNF are neuronal survival and growth
factors. Previous studies demonstrated AF and NP cells isolated from
degenerating human discs can increase neurite growth in co-cultures
with the neuron-like SH-SY5Y cell line [16, 40]. Among the factors
identified in IVD conditioned media, degenerating and painful IVDs
had elevated levels of NGF and BDNF. Surprisingly, the relatively low
concentrations of these factors in the conditioned media significantly
induced sprouting in PC12 cells. Anti-NGF treatment was sufficient to
reduce neurite sprouting, demonstrating an important role for NGF in
degenerating IVDs, even at low concentrations. However, when NGF
is added to PC12 cultures at similar concentration to the one mea-
sured in degenerating 1VD conditioned media, neurite sprouting was
not induced. This data suggest that other factors released by degener-
ating IVDs are required in addition to NGF to induce neurite sprouting
at concentrations below 100 pg/ml. Further studies are required to
fully elucidate the mechanisms of painful, degenerating IVD media on
neurite sprouting.

In addition to finding increased neurite growth, this study demon-
strated that degenerating, painful IVDs secrete a combination of fac-
tors that increase CGRP expression in primary mouse DRG neurons.
CGRP functions as a neurotransmitter and is strongly associated with
pain. Calcitonin gene-related peptide expression can be increased by
pro-nociceptive factors like NGF, TNF-o and CCL2 [10, 37, 41].
Understanding of nociceptor plasticity and CGRP changes associated
with disc degeneration is mostly limited to animal models. Increased
numbers of CGRP-immunoreactive neurons have been shown to
innervate rat IVDs treated with complete Freund’s adjuvant [42], a
model for IVD inflammation. CGRP expression is also increased in a
rat model of injury-induced IVD degeneration [43]. The present study
demonstrates that degenerating and painful human IVDs also release
factors that increase CGRP levels in neurons, thus further supporting
the central hypothesis that degenerating and painful IVDs secrete fac-
tors known to contribute to nociception.

Nerve growth factor is a potent inducer of CGRP [10], and we
therefore hypothesized that it mediates increased CGRP expression in
cultures treated with degenerating, painful media. In contrast to previ-
ously published cell culture studies that use NGF concentrations
higher than that found in disc media, we used a more similar concen-

Fig. 2 PC12 neurite growth after 48 hrs of culture. Representative phase contrast image of untreated cultures (A), cultures treated with 2.5 ng/ml
nerve growth factor (NGF; B), 2.5 ng/ml NGF and normal IgG (B’), 2.5 ng/ml NGF and anti-NGF antibody (B”), 100 pg/ml NGF (C), 100 pg/ml NGF
and normal 1gG (C’), 100 pg/ml NGF and anti-NGF antibody (C”), healthy pain-free intervertebral disc (IVD) media conditioned media (D), degenerat-
ing, painful IVD conditioned media (D’) and degenerating, painful IVD conditioned media treated with anti-NGF antibody (D”). Scale bar: 62.5 pum.
(E) Quantification of the proportion of cells with neurites after 48 hrs of culture. Untreated cultures, cultures with 2.5 ng/ml NGF, 100 pg/ml NGF,
IgG and anti-NGF antibodies in different combinations were quantified as indicated. Neurite sprouting in Control cultures healthy pain-free IVD media
(HD) cultures, degenerating, painful VD media cultures DD and degenerating, painful IVD media cultures treated with anti-NGF (DD Ab) were quanti-
fied as indicated. Fold changes of marker genes compared to ~NGF control for PC12 neuronal differentiation and growth measured by qRT-PCR
after 24 hrs (F) and 48 hrs (G). n= 3 in each IVD media group, n = 2 for each control in 24 hr cultures. n =6 in each IVD media group, n =3
for each control for 48 hr cultures. n =3 for DD Ab and n =2 for 2.5 ng/ml and 100 pg/ml NGF and NGF IgG. Error bars; +95% Cl, one-way
ANOVA. *P < (.05, **P < 0.01, ***P < 0.001. #P < 0.001 when compared to 2.5 ng/ml NGF control.
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Fig. 3 Calcitonin gene-related peptide (CGRP) immunoreactivity in mouse dorsal root ganglion neurons after 48 hrs of culture. (A) Representative
fluorescent images of neuronal cultures that were untreated (row 1), treated with 10 ng/ml nerve growth factor (NGF; row 2), maintained in healthy,
pain-free intervertebral disc (IVD) conditioned media (row 3) or in degenerating, painful IVD media (row 4). PGP 9.5 (green) is a general neuronal
marker and CGRP (red) is nociceptive neuropeptide. PGP 9.5 and CGRP are overlaid in merged images. White arrows indicate CGRP-immunoreac-
tive neurons; scale bar: 200 um. (B) Quantification of CGRP immunoreactivity for each group. —NGF; untreated media, +NGF; media supplemented
with NGF, HD; healthy disc conditioned media, DD, degenerating, painful IVD conditioned media. n = 3 samples per group, tested in duplicate, with
five fields counted per duplicate totalling 10 fields counted per condition, error bars; +£95% Cl, one-way anova. **P < 0.01. #P < 0.001 when com-

pared to —NGF control.

tration (Fig. 1B) of 100 pg/ml. 100 pg/ml NGF was sufficient to
increase CGRP expression to similar levels observed in cultures with
10 ng/ml NGF (Figs 4B and 5B). This suggests that degenerating,
painful IVDs secrete sufficient amounts of NGF to alter CGRP expres-
sion. Inhibiting NGF in degenerating disc media by incubation with an
anti-NGF antibody caused a significant decrease in the percentage of
CGRP-immunoreactive neurons compared to media without the anti-
body. This demonstrates that NGF found in media conditioned by
degenerating, painful IVDs is sufficient to increase CGRP expression.
This data suggest that NGF may play an important role in vivo in the
development of chronic pain associated with intervertebral disc
degeneration.

1220

As 100 pg/ml of NGF is insufficient to drive neurite growth and
other factors can sensitize neurons, we used protein arrays to identify
additional factors that may play a role. Conditioned media from
degenerating, painful 1VDs and healthy, pain-free 1VDs were analysed
using cytokine and chemokine protein arrays. Twenty factors were
found to be up-regulated in degenerating, painful samples, of which
10 (IFN-v, IL-6 and -15, CCL2 and -7, CCL5, TNF-o,, GRO and CXCLA,
GCSF and GM-CSF) have been associated with increased nociception
[10, 11, 31-37, 44-50]. Some of the 20 factors have been previously
associated with VD degeneration [12, 15, 51-54], however 10 of the
20 factors (GCSF, GM-CSF, IL-3, IL-5, IL-13, IL-15, CCL8, TNF-B,
GRO and CXCL1) have not previously been described in the VD and

© 2014 The Authors.
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Fig. 4 Calcitonin gene-related peptide (CGRP) expression in mouse dorsal root ganglion neurons after 48 hrs of culture. (A) Representative fluores-
cent images of neuronal cultures treated with 100 pg/ml nerve growth factor (NGF; +NGF, Row 1), 100 pg/ml NGF and normal IgG (+NGF IgG, Row
2), 100 pg/ml NGF and anti-NGF antibody (+NGF Ab, Row 3), media conditioned by degenerating, painful intervertebral disc (IVDs; DD, Row 4), or
degenerating IVD media with anti-NGF antibody (DD Ab, Row 5). PGP 9.5 (green) is a general neuronal marker and CGRP (red) is pain neurotrans-
mitter. PGP 9.5 and CGRP are overlaid in merged images. White arrows indicate CGRP-immunoreactive neurons; scale bar; 200 um. (B) Quantifica-
tion of CGRP immunoreactivity for each group. n =2 samples per group, tested in duplicate, with five fields counted per duplicate totalling 10
fields counted per condition, error bars; +95% Cl, one-way anova. *P < 0.05.

two (CCL7 and CXCL9) [54] have not been described in degenerative
disc disease. Of the 12 factors not described in pain associated with
disc degeneration, seven (IL-13, IL-15, GCL7, GRO, CXCL1, GCSF and
GM-CSF) have been associated with a variety of pain conditions
(Fig. 1, Table 1). This data demonstrate that degenerating, painful

© 2014 The Authors.

IVDs secrete elevated levels of several pro-inflammatory and pro-
nociceptive factors that are only secreted in very low basal levels by
healthy, pain-free IVDs. As many of these factors have not been previ-
ously described in IVD degeneration; further investigation is war-
ranted to understand their role in discogenic pain.
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Table 1 Comparison of 23 factors released by degenerating, painful or healthy pain-free 1VDs

Relative mean
densitometry

Relative mean
densitometry

Factor P value Sig Change units of healthy units of _ IVD Pain

IVD media LA

IVD media

GCSF 0.0025 o Up 0.012 + 0.003 0.1 + 0.03 [50]
GM-CSF 0.0013 o Up 0.012 + 0.003 0.09 + 0.03 [44]
[FN-y 0.0022 * Up 0.014 + 0.004 0.21 £+ 0.07 [12] [33, 34]
IL-1o 0.0303 * Up 0.0089 + 0.003 0.034 + 0.02 [15]
IL-2 0.0069 o Up 0.007 + 0.003 0.085 + 0.04 [12] [45]
IL-3 0.0012 o Up 0.023 + 0.005 0.18 + 0.05
IL-5 0.0015 ** Up 0.023 + 0.007 0.24 + 0.08
IL-6 0.0019 o Up 0.87 + 0.2 23 +04 [12, 51] [36, 44]
IL-7 0.0002 e Up 0.06 + 0.01 0.34 + 0.08 [52]
IL-8 0.2434 N 12 +0.2 1.4 + 0.1 [12] [47]
IL-10 0.1169 N 0.047 + 0.0046 0.081 + 0.03 [51] [11]
IL-13 0.0218 * Up 0.0082 + 0.002 0.047 + 0.021 [48]
IL-15 0.0054 * Up 0.015 + 0.005 0.11 + 0.04 [39]
CCL2 0.0005 e Up 0.20 + 0.05 0.59 + 0.1 [12] [11, 30, 37]
CCL8 0.0029 * Up 0.024 + 0.009 0.29 + 0.1
CCL7 0.0049 o Up 0.007 + 0.003 0.24 + 0.09 [54] [46]
CXCL9 0.0028 o Up 0.014 + 0.005 0.17 £+ 0.06 [48]
CCL5 0.0071 o Up 0.039 + 0.01 0.13 + 0.04 [53] [11, 53]
TGF-B1 0.2251 N 0.018 + 0.006 0.03 + 0.02 [34, 52] [49]
TNF-o 0.0473 * Up 0.016 + 0.0057 0.05 + 0.02 [28, 51] [13]
TNF-B 0.0085 o Up 0.017 + 0.005 0.11 + 0.04
GRO 0.0286 * Up 0.242 + 0.07 0.55 £ 0.2 [30-32]
CXCL1 0.0304 * Up 0.018 + 0.002 0.22 + 0.1 [30-32]

Relative mean densitometry unit quantities of 23 factors secreted by either healthy 1VDs or degenerating, painful IVDs. Relative quantity of fac-
tors was analysed by RayBio Human Cytokine Array 1 Maps. P values were calculated using unpaired t-tests. The columns named, IVD and
Pain, provide references describing previous studies implicating that factor with either degenerating 1VDs and/or pain. Reviews were used when
possible. n=8 in degenerating, painful group and n= 11 in healthy, pain-free group, +SEM, unpaired ftest. *P < 0.05, **P < 0.01,
***P < 0.001.

Multiple factors (including IFN-y, IL-6, CCL2 and CXCL1, TNF-o,,  chronic pain were increased in degenerating IVD conditioned media.
IL-1B, NGF and BDNF) known to be involved in nociception, develop-  For example, Robertson et al. have demonstrated that intrathecal
ment of chronic neuronal sensitization and hyperexcitability and injections of IFN-y increase pain-related behaviour in mice [33] and
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Vikman et al. demonstrated that IFN-y can induce increased excitabil-
ity in dorsal horn neurons [34], suggesting that IFN-y has a modula-
tory role in nociception. Similarly, in a rodent model of arthritis, IL-6
contributes to inflammatory pain, neuronal hyperexcitability and
increased neuronal CGRP levels [35, 36]. CCL2 can also increase
CGRP production [30], and potentially acts as a pain-related neuro-
transmitter in DRG neuronal cultures [37]. CXCL1 has also been
shown to induce increase nociceptor excitability and play an impor-
tant role in inflammatory pain and neuronal sensitization [31, 32].
While this study found inhibiting NGF was sufficient to inhibit degen-
erating disc induced CGRP increases, these other factors could con-
tribute to the development of chronic low back pain through other
mechanisms. However, further investigation of such mechanisms is
required.

The present study shows that degenerating, painful IVDs secrete
increased levels of multiple cytokines, chemokines and neurotrophins
and that these factors increase neurite sprouting and CGRP expres-
sion. Furthermore, NGF secretion by degenerating, painful IVDs is
sufficient to increase neurite sprouting and CGRP expression, which
both can be blocked by anti-NGF antibody treatment. Taken together,
this data suggest that factors actively released by degenerating and
painful IVDs may induce innervation and pain in vivo. Furthermore,
NGF may play an important role in nociception associated with IVD

degeneration jn vivo. Our data support further development of anti-
NGF therapeutics to manage pain in degenerative disc disease [55-
57]. A greater understanding of the molecular mechanisms driving
pain associated with IVD degeneration may lead to improved thera-
pies and quality of life for individuals with discogenic pain.
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