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Abstract

Low back pain affects up to 85% of the population in their lifetime and is
strongly associated with degeneration of the intervertebral disc (IVD). Surgical lumbar
disc puncture (LDP) in rodents is a widely used model of IVD degeneration due to the
development of morphologic changes and evidence of altered pain-related functional
measures. LDP models of IVD degeneration also show molecular changes in the dorsal
root ganglia (DRGs) at less than 9 weeks post-injury, including alterations to markers of
nerve growth factor (NGF)-dependent neurons. Lumbar disc puncture-induced
inflammation can lead to local release of NGF, which acts on NGF receptors (TrkA,
p75NTR) on the central terminals of DRG neurons innervating the IVD to play a role in
pain development. TRPV1 function can be potentiated through NGF binding to these
receptors, a mechanism often assessed in vitro via capsaicin challenge. The goal of this
dissertation was to develop and characterize a surgical model of painful IVD
degeneration in the rat, including a behavioral phenotype as well as NGF-related
molecular and functional DRG neuron changes.

In the first part of this dissertation, the L5-L6 IVD in rats was surgically
punctured and the behavioral phenotype was characterized until post-operative week 20
to assess development of discogenic pain. Secondly, capsaicin challenge experiments

were performed in vitro to examine the functional implications of an NGF-related
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mechanism in discogenic pain. Finally, IVD degeneration was confirmed and
immunostaining for NGF receptors was done to further investigate the involvement of
NGF-related molecular mechanisms in painful IVD degeneration.

Findings revealed a timeline of pain-related behavioral changes, with evidence of
LDP-related behavioral and gait changes at 16-18 weeks post-surgery. Additionally, this
model produced a phenotype of clinically relevant, bilateral behavioral changes,
including decreased overall activity as well as decreased hind limb stride frequency.
Finally, DRG neurons showed NGF-related molecular and functional differences 20
weeks post-surgery. Ipsilateral DRG neurons showed impaired functionality of TRPV1
receptors and impaired TRPV1 receptor insertion into the cell membrane, as well as
increased p75NTR expression. Contralateral neurons showed impaired TRPV1
functionality only.

The studies in this dissertation support involvement of an NGF-related
mechanism in painful IVD degeneration and establish the importance of utilizing a
clinically relevant and longer-term model of IVD degeneration to investigate the specific

mechanisms of pain generation.
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1. Introduction

The estimated annual occurrence of chronic low back pain in the United States is
5-20% [1] and low back pain affects up to 85% of the population in their lifetime [2]. Low
back pain is the leading cause of disability worldwide and accounts for nearly 50% of
the musculoskeletal burden of disease [3]. Patients living with low back pain experience
a decreased ability to perform activities of daily living and a deteriorating quality of life
[1]. Low back pain contributes to a substantial portion of the cost of health care in the
United States and worldwide [4], with estimated direct costs of $12 to $90 billion [5, 6]
and indirect costs of $7 to $28 billion [7, 8] in the United States annually. The etiology of
low back pain remains unclear, but it is associated with degeneration of the
intervertebral disc (IVD) in 40% of cases [9, 10]. Degenerative changes result in altered
disc height and biomechanics of the entire spinal column, possibly leading to low back
pain and may occur over time either due to an injury or naturally increasing age. The
incidence of IVD degeneration and associated pathologies such as spinal stenosis
continue to rise as the aged population increases in the United States and worldwide
[11].

Clinical low back pain can be divided into three categories based on the timeline
of symptoms: acute (less than 4 weeks), subacute (4-12 weeks), and chronic (longer than

12 weeks) [12]. Available treatments for IVD degeneration and low back pain overall



continue to be aimed at managing symptoms such as pain, and include conservative
pharmacotherapy such as muscle relaxants, local delivery of corticosteroids, local
anesthetics, manipulation therapy, and surgical treatments such as discectomy and
spinal fusion [11]. These solutions may provide short-term relief from acute pain, but all
fall short of managing chronic low back pain and in some cases lead to further
complications. A better understanding of the key mediators of painful IVD degeneration
will lead to more targeted and effective therapeutic treatments to help this category of
patients better manage their low back pain.

IVD degeneration is characterized by decreased water content, decreased
cellularity, loss of proteoglycans, and increased matrix fibrosis [11, 13-16] (section 1.3.1).
These changes also occur with natural aging, yet many people are asymptomatic.
Painful IVD degeneration can be due to loss of disc height or osteophyte formation,
which can cause nerve root impingement and subsequent unilateral or bilateral
radiating pain. Another cause of painful disc degeneration could be sensory afferent
nerve fiber growth into the IVD after injury-induced inflammation (section 1.3.3). As
healthy IVDs are both avascular and aneural, the latter etiology could result in
discogenic pain, defined as pain originating from chemically or mechanically damaged

IVDs due to irritation of innervating nerves [17].



Inflammation after IVD injury increases expression of nerve growth factor
(NGF), which promotes axonal growth of small nociceptive NGF-sensitive dorsal root
ganglia (DRG) neurons [18] (section 1.3.3). NGF binding to the high-affinity NGF
receptor tyrosine kinase A (TrkA) or the low-affinity NGF receptor p75 neurotrophin
receptor (p75NTR) on sensory afferent neurons initiates signal transduction pathways
which promote survival or lead to expression of additional pro-inflammatory cytokines
[19, 20] (section 1.3.2; Figure 6), providing a possible mechanism for progression toward
chronic low back pain.

This objective of this work was to determine the role of elevated NGF in painful
IVD degeneration through molecular and functional changes to the DRG neurons over
long periods of exposure to degenerative changes in the IVD. Our central hypothesis
was that upregulation of NGF in the degenerate IVD leads to elevated expression of
TrkA and p75NTR in neurons of innervating DRGs, which is associated with pain-
related behaviors. In the studies presented here, an in vivo surgical model of painful
IVD degeneration was developed and characterized (Chapter 2). Female Sprague-
Dawley rats were chosen because of the vast number of functional and behavioral
assessments available for rats, and also for their size, which facilitated the surgical
procedure and satisfied limitations on use of behavioral testing equipment. It was

important for the rats to be skeletally mature at the beginning of the study and still fit



the size limitations of the behavioral equipment 22 weeks later at the end of the study.
After this time period, studies were done to determine grade of IVD degeneration and
molecular changes to DRG neurons (Chapter 3). Additionally, studies were conducted
with primary DRG cell isolates to determine changes in sensitization to NGF after long
periods of exposure to degenerative changes in the IVD (Chapter 4).
1.1 Intervertebral Disc Neuroanatomy and Physiology

The adult human IVD is largely aneural. In the non-pathologic disc, innervation
is limited to the outer three to four lamellae of the anulus fibrosus (AF) [21, 22] via
branches from the sinuvertebral nerves [23, 24], ventral rami, or gray rami
communicantes [23], which transmit neuronal signals between the DRGs of the
peripheral nervous system and sympathetic chain ganglia of the autonomic nervous
system as shown in Figure 1. The DRG contains cell bodies of sensory afferent neurons,
which transmit sensory information from terminal organ sensory receptors such as
proprioceptors and nociceptors to the dorsal horn of the spinal cord [25]. The
sympathetic trunk lies retroperitoneally on the anterolateral surface of the vertebrae and
transmits information between levels of the spine. It stretches from the T1 to L2 vertebral
levels in humans, and the rat sympathetic trunk stretches from the superior cervical

ganglion near the common carotid artery to the sacral level of the spine [26, 27].
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Figure 1: An anterior-posterior schematic of spinal neuroanatomy. This
schematic shows the spinal cord, dorsal and ventral rootlets and roots, dorsal root
ganglia (DRG), rami communicantes, sinuvertebral nerves, and sympathetic chain
ganglia (green). Potential pathways of IVD sensory innervation are also depicted

(red). Nucleus pulposus (NP), Anulus fibrosus (AF), Intervertebral disc (IVD),
Vertebral body (VB), Anterior longitudinal ligament (ALL; orange overlay), Posterior
longitudinal ligament (PLL).

1.1.1 Innervation of the Healthy Rat Intervertebral Disc

1.1.1.1 Dual Innervation

The posterior longitudinal ligament (PLL), which overlies the vertebral column,
and connective tissue around the IVD are also innervated [28, 29] as demonstrated

previously [30]. In this study, Kojima and co-workers used an acetylcholinesterase



histochemical method to determine the neural innervation of the IVD and PLL in a rat
model, and found that nerve fibers directly innervating the IVD are derived from a
branch of the gray ramus, and nerve fibers innervating the IVD via the PLL are derived
from a second source. This became the first study to suggest dual innervation of the IVD
and also polysegmental innervation by DRGs of multiple levels [30].
1.1.1.2 Bilateral and Multisegmental Innervation

Adult humans most frequently injure the posterior portion of the L4-L5IVD [27,
31], which corresponds to the rat L5-L6 IVD anatomically [32]. In order to understand
the process for neo-innervation of the pathological IVD, it is important to verify the
neural innervation of the non-pathologic IVD. To determine the origin of nerves
supplying the posterior portion of the lumbar IVD, a study by Nakamura and co-
workers stained whole rat lumbar spines using an acetylcholinesterase histochemical
method after resecting different bilateral levels of the sympathetic trunk. This study
showed that the IVD is innervated by branches from the autonomic nervous system and
the dorsal portion of the IVD is innervated bilaterally and multisegmentally [27], which
challenged the conventional belief that each IVD is innervated by the corresponding

DRG [30, 31].



1.1.1.3 Innervation of Ventral, Lateral, and Dorsal Aspects of the IVD

These results led to more interest in the sensory innervation of each portion of
the IVD. A study by Morinaga and co-workers showed that bilateral L1 and L2 DRGs
innervate the anterior, or ventral, portion of the L5-L6 IVD in rats using anterior labeling
of horseradish peroxidase or choleratoxin B as a retrograde labeling agent [33]. A similar
study by Ohtori and co-workers used Fluoro-Gold (FG) labeling to show that the
posterior, or dorsal, portion of the L5-L6 IVD in rats is innervated in two ways:
segmentally by adjacent segments L3 to L6 via the sinuvertebral nerves and PLL, and
non-segmentally by distant segments T13 to L2 via the paravertebral sympathetic trunks
through the L5 rami communicantes as shown in Figure 2. Bilateral L1 and L2 DRGs
were found to be the main contributors to sensory innervation of the dorsal portion of
the L5-L6 rat IVD [34]. A study by Aoki and co-workers showed that sensory
innervation is predominantly supplied by the L1, L2, and L3 DRGs ipsilateral to FG
placement on the lateral portion of the L5-L6 IVD [35]. Together, these findings from the
ventral, dorsal, and lateral sensory innervation studies of the L5-L6 rat IVD show that
nociceptive information from all portions of this IVD is transmitted mainly by the L1

and L2 DRG neurons [35, 36].



Figure 2: Dual innervation of the sensory pathways from the dorsal portion of
the rat L5-L6 IVD. Dorsal root ganglion (DRG), Paravertebral sympathetic trunk
(PST), Posterior longitudinal ligament (PLL), Ramus communicans (RC),
Sinuvertebral nerve (SVN).



1.2 Nociceptive Afferent DRG Neurons

Nociceptive information from the lumbar IVD is transmitted to the DRGs via free
nerve endings of small, nociceptive afferent small myelinated Ad and unmyelinated C
tibers, which innervate the outer AF. The Ab fibers carry information from mechanical
or mechanothermal nociceptors, and the C fibers, which comprise about 70% of all fibers
carrying noxious input, are activated by a variety of high-intensity mechanical, chemical
and thermal stimulation [37]. These neurons can be classified into two distinct groups
[38]: nerve growth factor (NGF)-dependent neurons and glial cell line-derived
neurotrophic factor (GDNF)-dependent neurons. NGF-dependent neurons account for
about half of the DRG neurons innervating the IVD and express the high-affinity NGF
receptor tyrosine kinase A (TrkA) [39] and the low-affinity NGF receptor p75
neurotrophin receptor (p75NTR). GDNF-dependent neurons express the GDNF
receptor, Ret [40, 41]. In normal conditions, 8-24% of NGF-dependent DRG neurons will
also express brain-derived neurotrophic factor (BDNF) and its receptor tyrosine kinase B
(TrkB), which participate in nociceptive signal transmission [42]. NGF-dependent
neurons are also positive for calcitonin gene-related peptide (CGRP) and substance P
(SP), neuropeptides associated with inflammation and pain [43, 44] as well as transient
receptor potential cation channel subfamily vanilloid member 1 (TRPV1), a pain-related

receptor (Figure 3). Because of the strong correlation between expression of CGRP and



the NGF receptor [39], and isolectin B4 (IB4) and the GDNF receptor [41], CGRP and IB4-
binding glycoprotein are recognized as standard neuronal markers for NGF- and

GDNF-dependent neurons, respectively [18].

Spinal Cord

Nerve Root O

Dorsal Ramus VD

Ad, C

O Non-peptidergic small neurons / Ret / GFRa1 / GFRa3 / IB4 / VR1 / P2X3 / TMP
O Peptidergic small neurons / TrkA / TrkB / GFRa3 / CGRP / SP / TRPV1

. Medium neurons / TrkB / Ret / GFRa1, DEG/ENaCs, TRP ion channels
O Large neurons / TrkC / Ca2+ binding proteins / ENaCs, TRP ion channels

Figure 3: Nociceptive afferent small myelinated Ad and unmyelinated C fibers
innervate the outer AF in non-pathologic IVDs. Each Ad or C fiber corresponds to
either a peptidergic or non-peptidergic neuron. Peptidergic small neurons are NGF-
dependent and express TrkA, TrkB, CGRP, SP, and TRPV1. Non-peptidergic small
neurons are GDNF-dependent and express Ret and IB4.

GDNF-dependent neurons project predominantly to lamina II of the dorsal horn

of the spinal cord where interneurons containing protein kinase C gamma (PKCy) are
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present [45]. Because PKCy-containing neurons are associated with neuropathic pain
produced by nerve injury [46], GDNF-dependent neurons are considered to be
important in neuropathic pain [36]. Studies of IVD neuronal innervation show that only
0.6-1% of innervating nerve fibers are positive for the GDNF-dependent neuronal
marker, IB4 [47,48]. These findings indicate that nociceptive information from the
lumbar IVD is transmitted mainly by CGRP-immunoreactive NGF-dependent neurons
[47].
1.2.1 Electrophysiological Differences

A study by Stucky and Lewin found that these two types of neurons also exhibit
electrophysiological differences, suggesting that they are functionally different [49].
Action potentials (APs) in NGF-dependent neurons have a lower threshold and are
shorter in duration than GDNF-dependent neurons, and small diameter sensory
neurons (< 26 um) with an inflection in the falling phase of the action potential are more
likely to be nociceptors [50]. GDNEF-dependent neurons express 2.1-fold larger voltage-
gated tetrodotoxin-resistant sodium currents than NGF-dependent neurons [49], which
supports longer AP duration in GDNF-dependent neurons as increased concentrations
of tetrodotoxin-resistant sodium channels are responsible for larger duration APs [50]. In
addition, NGF-dependent neurons display larger heat-activated currents than GDNEF-

dependent neurons. These larger NGF heat-induced currents correlate with C fibers that
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respond with a large burst of APs, suggesting that NGF-dependent neurons are more
involved with acute responses to noxious heat stimuli than GDNF-dependent neurons
[49]. Functional differences between these DRG neurons have also been demonstrated
via in vitro application of the pro-inflammatory cytokine IL-6, histamine, or capsaicin,
followed by calcium imaging [51, 52]. Functional differences between these neuronal
populations have been investigated in pathologic states such as surgically-induced IVD
herniation [53, 54]. However, functional differences in nociceptive afferent DRG neurons
have not yet been investigated in a model of painful IVD degeneration.
1.3 Intervertebral Disc Degeneration
1.3.1 Morphologic and Biochemical Changes

IVD degeneration is a complex and multi-factorial process, and can be linked to
nutritional, environmental, and genetic factors. IVD degeneration is characterized by
changes in morphology. The boundary between the AF and nucleus pulposus (NP)
becomes less distinct as the NP becomes more fibrotic [14-17]. Structural changes occur
which lead to an increasing degree of disorganization [15, 51, 56], and cell apoptosis and
necrosis is increased with more than 50% of cells showing evidence of necrosis [57].

The most significant biochemical change which occurs in IVD degeneration is the
loss of hydration in parallel with loss of proteoglycans and glycosaminoglycans. This

leads to a loss of osmotic pressure and consequent loss of IVD height, and is associated

12



with altered mechanisms of load support in the AF and endplate [58], increased
penetration of proteins and cytokines into the IVD [59], and neural ingrowth into the
degenerate IVD [60, 61], which potentially drive IVD degeneration and have been
associated with discogenic pain [58, 62].
1.3.2 Inflammation

Levels of pro-inflammatory mediators in painful IVDs are elevated compared to
asymptomatic IVDs [36, 63, 64]. Elevated levels of cytokines including tumor necrosis
factor-a (TNF-a) and interleukin-1p (IL-1f) are present in herniated IVDs [63, 65-69],
which the IVD cells locally synthesize and secrete [65]. Macrophages, a source of pro-
inflammatory mediators and NGF [70] are also present in painful IVDs [69] as shown in
Figure 4.

Elevation of TNF-a and IL-1f in painful IVDs induces NGF [36, 71-73] and SP
[74] mRNA expression and protein secretion as shown in Figure 4. Miyagi and co-
workers found that the local inflammatory response (TNF-a, IL-6, NGF) to induced IVD
injury returned to normal levels within 2 weeks, but elevated levels of painful
neuropeptides such as NGF in DRG neurons innervating punctured IVDs continued

until the end of the study at 8 weeks [75].
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Figure 4: A schematic depicting possible mechanisms of discogenic pain.
Inflammation leads to pro-inflammatory cytokine release by IVD cells, which act on
macrophages to trigger NGF secretion. IVD cells increase expression of NGF and SP.

NGF can stimulate inflammatory cells locally or act on TrkA-expressing neurons to
induce expression of CGRP and SP, which mediate pain. Increased NGF also results
in nociceptive nerve fiber ingrowth, which maintains pain. CGRP and SP mediate
synaptic transmission in the dorsal horn of the spinal cord and BDNF produced in the
DRG neurons projects to the spinal cord and modulates pain transmission.
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1.3.2.1 Nerve Growth Factor and Inflammation

NGF contributes to inflammatory hyperalgesia via TrkA in small DRG neurons
due to upregulation of NGF synthesis by the inflamed tissue [76] and upregulation of
TrkA in DRG neurons [77]. NGF sensitizes the primary afferent neurons to produce
hyperalgesia [71, 78, 79] by regulating the expression of SP, CGRP, TRPV1, and other
molecules associated with pain in NGF-dependent neurons [47, 80]. NGF binding to
TrkA or p75NTR initiates signal transduction pathways such as Ras/ERK/MAPK or NF-
kB to activate transcription factors which promote survival or lead to expression of
additional pro-inflammatory cytokines, respectively [20, 81] as shown in Figure 5. These
findings identify NGF as a key mediator in inflammatory pain [36]. NGF also regulates
collateral sprouting of sympathetic fibers to DRG neurons [20], which is related to
maintenance of chronic pain [82, 83]. Therefore, NGF synthesized in the IVD may act on
TrkA receptors on the central terminals of DRG neurons innervating the IVD to play a

role in chronic pain development [36, 84].
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Figure 5: NGF binding to TrkA activates many pathways related to cell survival (left). NGF binding to p75NTR can
activate pathways associated with cell survival or apoptosis (right). Each color represents a different biochemical pathway.



1.3.2.2 Brain-Derived Neurotrophic Factor and Inflammation

Peripheral inflammation also results in BDNF upregulation in the DRG neurons
(Figure 4), which is associated with increased BDNF release in the central nociceptive
terminals located in the dorsal horn of the spinal cord [85, 86]. BDNF acts to modulate
neuronal signaling and is co-localized in vesicles with SP [87]. BDNF expression is also
upregulated in TrkA-positive DRG neurons after NGF treatment [80, 88]. These findings
suggest that BDNF modulates functions mediated by small diameter sensory neurons
and regulates the integration and processing of nociceptive information in the dorsal
horn of the spinal cord [89-91]. BDNF could be a key mediator in the signaling and
processing of discogenic pain.
1.3.2.3 Neurotrophins in Degenerate Intervertebral Discs

NGF, TrkA, and p75NTR show increased expression in painful IVDs [66, 84], and
immunostaining shows that NGF, TrkA, and BDNF and its receptor tyrosine kinase B
(TrkB) are expressed in the IVD at every stage of degeneration [92]. NGF may regulate
receptors such as TRPV1, bradykinin receptors, and sodium channels to potentiate long
term effects on nociceptors [80].
1.3.3 Nerve Ingrowth

Nerve fibers have frequently been found in degenerate IVDs as evidenced by

elevated immunohistochemical staining for growth-associated protein 43 (GAP43) [18,
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84], a marker of axonal growth and synaptic plasticity [93-95], suggesting new nerve
ingrowth as a possible mechanism of discogenic pain [62, 96, 97]. A study by Aoki and
co-workers used co-labeling of GAP43 and CGRP to show that IVD inflammation
induced by Freund’s adjuvant promotes axonal growth of NGF-sensitive DRG neurons
innervating the affected IVD [50]. This is supported by work from Freemont and co-
workers which co-labeled human IVD specimens from patients with chronic low back
pain with GAP43 and TrkA to show that increased NGF expression leads to actively
growing nerve fibers which express an increased concentration of NGF receptors. They
also noted an absence of these NGF-receptor expressing nerve fibers in asymptomatic
human IVD specimens [84]. These results suggest that NGF is induced by pro-
inflammatory mediators in human IVD and promotes axonal growth of small
nociceptive NGF-sensitive DRG neurons [18]. This is also supported by an in vitro study
from Aoki and co-workers which showed that TNF-a more effectively induces GAP43
expression in NGF-sensitive DRG neurons than in GDNF-sensitive neurons [98].
Together, these findings illustrate the importance of injury-induced inflammation and

sensory afferent innervation in painful IVD degeneration.
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2. In Vivo IVD Degeneration Model Development and
Characterization

2.1 Introduction

The in vivo environment is crucial for understanding complex multifactorial
pathologies such as IVD degeneration and mechanisms of pain generation, as well as
determining the efficacy of potential regenerative and therapeutic strategies. Many
different species have been used as pre-clinical models of IVD degeneration, including
mouse [99, 100], rat [101-103], rabbit [104, 105], sheep [106, 107], goat [108, 109], and
primates [110-112]. These models can be divided into experimentally induced
(mechanical compression, instability, structural injury, chemical) or spontaneous IVD
degeneration [113]. For this study, it was important to have a model of IVD
degeneration in rats that would be clinically relevant, tunable, and reproducible.
Therefore, we chose to induce a structural injury by puncturing a single lumbar IVD.

Prior studies have accessed the rat lumbar IVD through a variety of approaches.
Most commonly, midline abdominal incisions [46, 116] have been done to access the
ventral [75, 115, 102, 103, 116-120], lateral [35, 47, 121], or ventrolateral [18, 122] portions
of the lumbar IVDs. However, accessing the rat lumbar IVD via a ventral abdominal
approach introduces sizable trauma to the animal and may slow surgical recovery. Also,
humans most frequently injure the posterior or posterolateral aspect of an IVD [27, 31],

possibly making a ventral IVD injury less clinically relevant.
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Dorsal approaches with the animal in a prone position have also been reported in
conjunction with facetectomy [101, 122-125], hemifacetectomy [126], or fluoroscopic
guidance around the facet joint [127] to access the dorsolateral portion of the lumbar
IVDs. However, modifying these vertebral connections alters spinal stability and could
lead to additional complications, making this a poor model for studying IVD
degeneration resulting from an isolated IVD injury. A dorsal approach using
fluoroscopic guidance to access the IVD is a promising model for studying IVD
degeneration resulting from an isolated IVD injury, as it is less invasive than other
approaches and spinal stability remains intact, but it is limited by the size of the space
around the facet joint and surgical and technological proficiency.

As injury to the dorsal portion of the IVD may be more clinically relevant, it is
important to consider the main contributors to sensory innervation of that portion of the
rat L5-L6 IVD, the bilateral L1 and L2 DRGs [33]. However, the lateral portion of the rat
L5-L6 IVD is mainly innervated by the ipsilateral L1, L2, and L3 DRGs [34]. Due to the
biomechanical and technical limitations of a dorsal surgical approach, accessing the
lateral aspect of the IVD may be the most feasible option while inducing the least
amount of surgical trauma and still allowing the L1 and L2 DRG neuronal response to
be studied.

A study by Onda and co-workers investigated the role of NGF and pain-related

behavioral changes following surgical herniation of a rat lumbar IVD [123]. Rats were
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placed in a prone position and the dorsolateral aspect of the IVD was exposed via
paravertebral muscle dissection and facetectomy, followed by puncture with a 27G
needle and slow injection of 0.3 mL of air. Mechanical and thermal sensitivity tests
showed no differences between this experimental group and the sham control group out
to 3 weeks post-surgery. However, NGF levels were significantly elevated at day 3 post-
surgery compared to the sham control group [123]. This model used a dorsolateral
approach to access the rat lumbar spine, altered spinal stability via facetectomy, and
monitored behavioral changes until week 3 post-surgery.

A stab incision for inducing IVD degeneration was demonstrated in a rat model
by Rousseau and co-workers [115]. The lateral aspect of 3 adjacent caudal rat IVDs was
exposed surgically and stabbed (number 11 blade; depth of 1.5 mm) in skeletally mature
Sprague-Dawley rats. A second group of rats underwent a midline ventral abdominal
incision into the peritoneum to access the retroperitoneal space, and the ventral aspect of
3 adjacent lumbar IVDs was stabbed in the same way. Injured caudal IVDs showed
degenerative changes on histology at 4 weeks post-surgery, but changes consistent with
degeneration were less apparent in the injured lumbar IVDs. Animals with lumbar IVD
injury showed significantly decreased performance on the Rotamex rotating rod test at
2-4 weeks post-surgery [115]. This model used a lateral approach to injure multiple rat

tail IVDs, as well as a ventral abdominal approach to access the rat lumbar spine to

22



injure multiple lumbar IVDs, and monitored behavioral changes until week 4 post-
surgery.

Recently, studies have induced lumbar IVD degeneration in rats via puncture of
the ventral aspect of multiple rat IVDs via a midline ventral abdominal incision with a
0.5 mm or 0.8 mm microsurgical drill (equivalent to a 25G or 21G needle, respectively) to
a depth of 2 mm [103], or a 26G needle to a depth of 3 mm and subsequent injection of
2.5uLL phosphate buffered saline (PBS) [102]. These prior pre-clinical models of IVD
degeneration injured multiple IVDs per animal [115, 102, 103], which confounds the
mechanism of pain generation. In addition, IVD degeneration is a chronic pathology and
therefore requires a substantial amount of time to develop. However, these prior studies
ended functional and behavioral assessments, as well as assessments of molecular
changes, at or before 7 or 9 weeks post-injury, respectively [115, 102, 103].
2.1.1 Pain-Related Functional and Behavioral Measures
2.1.1.1 Operant Activities

Operant assessments have recently been proposed to evaluate pain in animal
models of musculoskeletal pathology [128-130]. Operant assessments of pain in
preclinical models may have more relevance to pain experienced by humans and also
improve data reliability [131, 132]. Advantages of operant measures of general activity,

such as open field assessments, burrowing and mazes, include simultaneous
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measurements of multiple objective parameters related to movement in a short time-
frame, as well as absence of evoked responses.
2.1.1.1.1 Running Wheel

Running wheels, with or without instrumentation, are commonly used to
measure general physical activity in rodents [99, 133, 134]. A review by Novak and co-
workers presented detailed relationships between wheel running and physiological or
psychological outcomes and concluded that increased wheel running activity does not
necessarily represent increased general activity levels in rodents [135]. Using the
running wheel assessment to detect differences between groups is especially difficult
with rats, as rats must be acclimated to the equipment and trained over time to run on
the wheel consistently. Even with this training, rats still show decreasing running wheel
activity over time. A study by Peng and co-workers investigated differences in
longitudinal wheel running for male Long Evans rats from age 3-36 months. Rats
showed the most running activity at age 3 months, but then demonstrated a strong
negative relationship between running activity and increasing age. By age 12 months,
running activity had reduced by to less than half that seen initially at 3 months [133].
Because of this dramatic decrease in running wheel activity in rats over time, it is likely
that subtle models of pain would not lead to dramatic differences between treatment

groups.
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2.1.1.1.2 Open Field

Open field testing can yield horizontal activity measures such as distance
traveled and percentage of time spent traveling, as well as rearing behavior. Automated
video-tracking software such as EthoVision XT (Noldus, Leesburg, VA) has the ability to
identify the animal present in the recording and compute desired parameters
independent of the observer after defining an arena of interest [136]. Decreased open
field activity has previously been shown in a rat model of unilateral knee osteoarthritis
(OA) [137].
2.1.1.1.3 Burrowing

Burrowing behavior in rats is innate and highly conserved, and has been used
previously to evaluate animal well-being [138]. Prior studies in rat models of unilateral
hind paw inflammation [139] and unilateral knee arthritis [137] have demonstrated
decreased burrowing activity over 2 hours as measured by the amount of gravel
displaced from a hollow tube pre-filled with gravel weighing 2500 g.
2.1.1.1.4 Pain Tolerance on Lateral Bending Maze

Rodent mazes have been developed previously to study anxiety, learning and
memory, and spontaneous exploration [140]. We decided to design a custom,
rectangular 4-turn maze to evaluate pain tolerance on lateral bending after an injury to

the low back. Successful completion of each turn through the maze requires extreme
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lateral bending of the spine, and subsequent turns alternate between left and right

lateral bending as depicted in Figure 6.
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Figure 6: Pain Tolerance on Lateral Bending Maze.
2.1.1.2 Weight-Bearing and Gait

2.1.1.2.1 Static Weight-Bearing/Incapacitance

Changes in weight-bearing and strength characteristics are often powerful
descriptors of pain. Commercially available meters of hind limb weight-bearing, known
as incapacitance meters, have the ability to measure the percent of weight borne on left
versus right hind limbs. Previous work in our laboratory with a rat model of surgically-
induced lumbar radiculopathy showed a significant reduction in weight-bearing on the

affected limb [141] as described in Figure 7.
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Figure 7: An in vivo model of lumbar radiculopathy showed decreased
unilateral weight-bearing on the affected limb compared to the contralateral limb,
and compared to animals with NP and soluble tumor necrosis factor receptor type II
(sTNERII) treatment [141]. Image courtesy of L.A. Setton.

2.1.1.2.2 Treadmill Gait

Because gait properties are correlated to velocity, a treadmill is advantageous for
obtaining consistent gait descriptors across animals. In early work, a custom-designed
treadmill was used [141, 142] to document gait parameters in type IX collagen knockout
mice which exhibited premature onset of OA and IVD degeneration. Mutant mice were
found to use elevated hind limb stance times, increased step width, and shorter stride
lengths as compared to wildtype mice, showing some similarities to gait in patients
seeking to reduce joint or back pain [142]. In general, locomotion with pain is
characterized by slower and longer periods of approach to weight-bearing (longer
stance time), increased stride width, and decreased stride length, which stabilize the
affected individual. More recently, several commercially available treadmills provide a

clear belt and automated software to analyze geometric measures of gait. Our laboratory
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now uses a DigiGait™ treadmill (Mouse Specifics Inc, Quincy, MA) for rodent gait
analysis. One prior study of surgically-induced IVD degeneration in the rat via puncture
of multiple lumbar IVDs reported altered stability of the hind limbs with decreased
swing duration, increased percentage of stride in stance, and an increased stance/swing
ratio [102].
2.1.1.3 Mechanical Sensitivity

The most widely accepted test of mechanical sensitivity uses von Frey filaments
to assess tactile allodynia (non-noxious mechanical stimulus). The von Frey method
applies hand-held monofilaments of known stiffness to an affected area in human
subjects with an oral response noted. In animals, the filaments are applied to the plantar
surface of the paws; stiffer filaments will provoke a paw withdrawal with or without
licking of the stimulated paw, and the force necessary to induce withdrawal may be
reduced with pain. Multiple trials may be used over a series of monofilament
applications to approximate the “50% paw withdrawal threshold”. Our laboratory has
found altered paw withdrawal thresholds in many rodent models of musculoskeletal
pain including the type IX collagen knockout mouse [141, 142]. Studies by Lai and co-
workers as well as Kim and co-workers induced IVD degeneration in the rat via
puncture of multiple lumbar IVDs and found conflicting results for mechanical
allodynia: Lai and co-workers found that the withdrawal threshold of the lumbar IVD

puncture group progressively decreased throughout the study [102]; in contrast, Kim
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and co-workers found no mechanical allodynia in the lumbar IVD puncture group and
concluded that IVD puncture injury may generate mild inflammation which is not
sufficient for the development of statistically significant mechanical allodynia [103]. This
is important, as clinically significant mechanical sensitization may not develop in
patients with discogenic low back pain [143].
2.1.1.4 Pressure Hyperalgesia

Algometers have been developed to measure site-specific pain by applying an
external pressure which elicits an increased response in human subjects. The small
animal algometer applies pressure continuously to a local site while the animal is
restrained and the force associated with eliciting a response is recorded. Kim and co-
workers induced IVD degeneration in the rat via puncture of multiple lumbar IVDs and
found that the pressure hyperalgesia threshold progressively decreased as measured by
vocalization in the lumbar IVD puncture group compared to the sham control group
[103]. This test is clinically relevant, as mechanical pressure on patients’ IVDs is used to
assess their degree of low back pain [144].
2.1.1.5 Thermal Sensitivity

Changes to heat pain thresholds have been studied in human subjects and reflect
a generalized neuropathic response. In animals, thermal sensitivity can be quantified by

latency to paw or tail withdrawal from a noxious heat source [145]. Lai and co-workers
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induced IVD degeneration in the rat via puncture of multiple lumbar IVDs and found no
significant changes in thermal hyperalgesia paw withdrawal [102].
2.1.2 Objective

The objective of this work was to develop and characterize a surgical model of
IVD degeneration in the rat. We describe here a novel surgical procedure for accessing
the lateral aspect of the L5-L6 IVD and the resulting behavioral and sensitivity
phenotype in female Sprague-Dawley rats.

2.2 Materials and Methods
2.2.1 Baseline Behavioral and Functional Measures

A total of 37 female Sprague-Dawley rats (age 15 weeks; Envigo; Indianapolis,
IN) were used for this 20 week study. Animals were first acclimated to investigator
handling over a period of 7 days, followed by acclimation to the behavioral testing
equipment over a period of 4 consecutive days to minimize the stress response (Tables 1,
2). Each rat was acclimated individually to the testing equipment. The day prior to
surgery, animals were divided into 3 groups: naive (n=8), lumbar disc puncture (LDP)
(n=14), and Sham-operated control (n=14), and pre-operative functional and sensitivity

assessments were conducted to obtain baseline values (Tables 3, 4).
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Table 1: Acclimaton to Investigator Handling.

Day Acclimation to Handling (per cage)

1 Observe rats upon arrival, introduce to investigator voice, no handling

1. Hands in cage, suede gloves (25 mins)
2. Pet dorsal back, suede gloves (5 mins)

1. Hands in cage, suede gloves (5 mins)
2. Pet dorsal back, suede gloves (25 mins)

1. Hands in cage, normal gloves (10 mins)
4 2. Pet dorsal back, normal gloves (15 mins)
3. Hold each rat at least 2x (5 mins)

1. Pet dorsal back, normal gloves (5 mins)
2. Repeatedly hold rats until comfortable being held (25 mins)

6,7 Observe rats, let rest

2.2.1.1 Open Field Arena

General activity was assessed by allowing each rat to freely move about a black
acrylic arena (60 cm x 60 cm x 60 cm) for a total of 60 minutes during the dark portion of
a 12 hour light-dark cycle, and without the presence of investigators or other personnel.
The behavioral testing room was illuminated by red light, and movement was recorded
by a video camera (Sony Handycam HDR-CX405, Sony Corp, New York, NY) and
analyzed with video tracking software (EthoVision; Noldus Information Technology,
Leesburg, VA) for total distance traveled, average velocity, and percent time spent
traveling. Data for percent time spent traveling in 30 minutes was used to calculate the
95% confidence interval. Animals which fell outside of this confidence interval for > 25%

of the described timepoints within each experimental group were labeled as outliers and
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excluded from all behavioral analyses. Therefore, behavioral analyses included animals

from all 3 groups including Naive (n=8), Sham (n=11), and LDP (n=13).
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Assessment (Equipment)

Table 2: Equipment Acclimation Protocol.

Day 1

Open Field (Arena)

Arena (20 mins)

Day 2

Day 3

Day 4

Burrowing (Tube, Cage,
Individual)

Static Weight-Bearing
[Compartment)

Treadmill Gait (Compartment,
Light, Belt Movement)

Pain Tolerance Maze (Maze)

Pressure Hyperalgesia
(SMALGO})

Empty tube added to home
cage (20 mins)

In compartment (5 mins)

In compartment, no light
(10 mins)

In maze, start at entry point
(5 mins)

Done last—pressure applied
to dorsal skin over L5-L6 IVD

Arena (20 mins)

Tube with 1000g gravel added
to home cage (20 mins)

In compartment (5 mins)

In compartment (5 mins no
light, 5 mins light on)

In maze, start at entry point
(5 mins)

Done last—pressure applied
to dorsal skin over L5-L6 IVD

Arena (20 mins)
Tubes with 1000g gravel given to rats in

individual cages (20 mins)

Reposition as necessary in compartment to
face forward with tail out of compartment,
one hind paw on each force plate

In compartment (5 mins no light, 5 mins
light on, 1 min belt on at 4-6 cm/s)

In maze, start at entry point (5 mins)

Done last—pressure applied to dorsal skin
over L5-L6 IVD

Arena (20 mins)

Tube with 2500g gravel given to rats in
individual cages (20 mins)

Reposition as necessary in compartment to
face forward with tail out of compartment,
one hind paw on each force plate

In compartment (5 mins no light, 5 mins
light on, increase belt speed with rest
periods until speed at 20 cm/s)

In maze, start at entry point (5 mins)

Done last—pressure applied to dorsal skin
over L5-L6 IVD




Table 3: Left versus Right-Independent Functional and Behavioral

Assessments.
Assessment Parameters Measured Timepoints Number Trials Per
(Weeks Post-Surgery) Animal Per Timepoint

Total distance traveled (cm)
Open Field Arena Average velocity (cm/s) 0,1,4,8,12,16, 18, 20 1
% time spent traveling

Burrowing Weight burrowed (g) 0,1,4,8,12,16, 18,20 1
SMALGO Pressure sensitivity 0,1,4,8,12, 16, 18, 20 3
Treadmill Gait Gait symmetry 0,1,4,6,8,12, 16, 18, 20 3

Table 4: Left versus Right Functional and Behavioral Assessments.

Assessment Parameters Measured Timepoints (Weeks Number Trl_als Pe_r
Post-Surgery) Animal Per Timepoint
Static Welght Bearing/ % weight on left hlnd limb 0.1, 4, 8 12, 16, 18, 20 3
Incapacitance (operated side)
Treadmill Gait Hind limb SE’;')”Q duration 1 4 6,8, 12, 16, 18, 20 3
2.2.1.2 Burrowing

Methods were adapted from Deacon [138]. Briefly, 10 cm diameter white PVC
pipe was sectioned into 32 cm lengths and one end of each length was closed with a
fitted black foam PVC sheet. The open end of each tube was raised 6 cm by two 8 cm
bolts, each placed 2.5 cm in from the tube opening and spaced 7 cm apart. Each tube was
filled with 2500 g of pea-shingle gravel (diameter <1 cm, Rock City Sand & Gravel, Red
Hook, NY) and placed into a rat cage (26.0 cm x 47.6 cm x 20.3 cm). Each animal was

placed into an individual burrowing cage and allowed to burrow freely for 60 minutes
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during the dark portion of a 12 hour light-dark cycle, and without the presence of
investigators or other personnel, and with the behavioral testing room illuminated by
red light. The weight of gravel displaced was calculated and normalized to the baseline
amount of gravel displaced. Additional animals were excluded from the burrowing
assessment analysis if they did not successfully burrow at least 10% of the original
weight of the gravel (250g) at the baseline timepoint.

2.2.1.3 Static Weight-Bearing/Incapacitance

Static weight-bearing was tested by placing the animals in an acrylic chamber so
that the hind limbs were positioned on a left and right force plate, respectively. The
incapacitance meter (Model BIO-SWB M, Bioseb, Vitrolles, 13845 France) calculated the
average amount of force exerted by each hind paw over a 3 second interval, and the
percentage of weight-bearing on the left hind limb (operated side) was calculated. Each
rat repeated this assessment for a total of 3 trials per timepoint.
2.2.1.4 Pressure Hyperalgesia (SMALGO)

Local site pressure sensitivity of the low back was assessed using an algometer
(SMALGO algometer, Bioseb). This device consists of small animal a force gauge with a
5 mm diameter tip which was pressed directly on the skin over the dorsal aspect of the
L5-L6 IVD at midline while the animal was held by an investigator. The force was
increased until the animal produced an escape reaction or audible vocalization [103, 146,

147]. Each rat repeated this assessment for a total of 3 trials per timepoint.
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2.2.1.5 Treadmill Gait

Locomotion was assessed using a DigiGait™ treadmill (Mouse Specifics) with a
ventral-view camera recording video of paw placement through a transparent treadmill
belt. The DigiGait Imaging System™ (Mouse Specifics) generated "digital paw prints"
and dynamic gait signals, representing geometric paw placement relative to the
treadmill belt. Gait parameters were measured at a speed of 20 cm/s, including the
bilateral parameter of forelimb versus hind limb symmetry (forelimb step frequency/
hind limb step frequency) and unilateral parameters of left and right hind limb swing
duration (s). Each rat repeated this assessment for a total of 3 trials per timepoint.
2.2.1.6 Pain Tolerance on Lateral Bending Maze

Pain tolerance on lateral bending was assessed using a custom-built maze
designed to evaluate pain after an injury to the low back. We designed the maze with 4
alternating left and right turns, each of which requires extreme lateral bending of the
spine for successful completion. At each time point, rats were allowed 2 minutes of time
in the maze and the amount of time each rat needed to complete 2, 4, and 8 progressive
turns through the maze was recorded, as well as the total number of turns completed.
Each rat repeated the maze for a total of 3 trials per timepoint. Additional animals were
excluded from the pain tolerance on lateral bending maze analysis if they failed to

complete 8 turns within 2 minutes at the baseline timepoint.
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2.2.2 Surgical Model to Induce IVD Degeneration

Animals were anesthetized with 1-3% isoflurane throughout the surgical
procedure and a subcutaneous injection of 2-3 mL warm saline was given to help
maintain body temperature and hydration. Additionally, animals were placed on a
heating pad in a prone position and shaved from the mid-thoracic to sacral regions and
including the left side of the animal. Ophthalmic ointment was placed on both eyes, and
oxygen saturation was monitored. The shaved area was washed 3 times with
chlorhexidine solution and sterile gauze, followed by 3 alcohol wipes and 3 betadine
wipes. The animals were draped and a 4-5 cm dorsal skin incision was made over the
lumbar region. The animals were rotated onto their right side while maintaining the
sterile field and the skin on the left side of the incision was retracted by freeing the layer
of connective tissue to expose the left paraspinal muscles. Because adult humans most
frequently injure the posterior aspect of the L4-L5 IVD [27, 36] which corresponds to the
rat L5-L6 IVD anatomically [35], the L5-L6 IVD of the LDP group was exposed via a left
dorsolateral surgical approach (Figure 8) and punctured 10 times [75] using a 27 gauge
needle with injection of 0.3 mL air to induce IVD degeneration. Then the muscle layers
and skin were closed with 3-0 vicryl and 4-0 nylon suture, respectively. The Sham group
had the dorsolateral surgical exposure with L5-L6 IVD visualization only. One
subcutaneous injection of buprenorphine-SR (1 mg/kg) was given post-operatively for

pain management over the next 72 hours, hydration gels were placed in each cage, and
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hind paw pinch reflex was monitored until animals demonstrated normal reflexes and

Follow transverse process around to anterolateral spine and rotate
the spine so that the transverse processes become more dorsal (C) Blunt dissection of muscle tissue from

anterolateral spine to visualize IVD (D)
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A I | B I
|
Dorsal : Dorsal
|
} Paraspinal Muscles : Paraspinal Muscles
. Dorsolateral Incisicn | . ‘l
- Cranial Caudal - ! - Cranial Caudal -
. . | . .
Peritoneal Cavity | Transverse Peritoneum Peritoneal Cavity
I Processes
|
Ventral | Ventral
|
l i
|
. . . | Bluntdissection of fascia and then peritoneal cavity from
Lateral view of left-sided surgical procedure (A) _: retroperitoneal space to visualize dorsolateral spine (B)
c : D «t
|
t : Dorsal
Dorsal : Transverse Paraspinal Muscles,
: Processes ‘l\ﬁ Psoas
4mm Cranial —G % Caudal mlp ! 4mm Crenial \@' Caudal mmy
|
Ventral | Peritoneum VD
|
l : Ventral
|
|
|
|
|

Figure 8: Surgical procedure to visualize the L5-L6 IVD. A 3 cm left-sided
dorsolateral incision was made at the interface of the paraspinal muscles and
peritoneal cavity (A) and a 2 cm blunt dissection of the fascia was performed until the
peritoneal cavity was separated from the retroperitoneal space and the transverse
processes were exposed (B). Then the transverse processes were followed anteriorly
and the animal was rotated dorsally (C) for subsequent blunt dissection of 1 cm of
tissue from the anterolateral aspect of the spine (D). This resulted in exposure of the
L5-L6 IVD.

2.2.3 Post-Surgical Functional and Behavioral Assessments

Assessments were repeated at post-operative weeks 1, 4, 8, 12, 16, 18, and 20 for

functional and behavioral assessments unrelated to treadmill gait. Treadmill gait was

38



repeated at post-operative weeks 1, 4, 6, 8, 12, 16, 18, and 20 (Tables 2, 3). After
completion of assessments at week 20, animals were euthanized and tissues collected.
2.2.4 Data Analysis
2.2.4.1 Timeline of Model Development

Data from functional and behavioral assessments where multiple trials were
obtained per rat per timepoint were averaged to obtain one data point per timepoint.
These data were then analyzed via 2-factor ANOVAs with Tukey’s multiple
comparisons test (a<0.05) to determine differences between Sham and LDP groups as
compared to the Naive group (GraphPad Prism, GraphPad Software Inc, La Jolla, CA).
Based on this timeline of acute changes due to surgical trauma and acute pain in this
model and resolution, data were then grouped into acute (0-4 weeks), intermediate (6-16
weeks), and chronic (18-20 weeks) time bins for further analysis.
2.2.4.2 Longitudinal Behavioral Differences in Naive Animals

Data for the Naive group was analyzed via 1-factor ANOV As with Tukey’s
multiple comparisons test (x<0.05) to determine changes over time (GraphPad
Software).
2.2.4.3 Differences Between Sham and LDP Groups

Statistical differences between Sham and LDP groups were determined via 2-

factor ANOVAs with Sidak’s multiple comparisons test (a<0.05; GraphPad Software).
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2.2.4.3.1 Effect Size Calculation

The effect size of the difference between Sham and LDP groups at the chronic
timepoint was determined for the open field area assessment and also the treadmill gait
parameter forelimb versus hind limb symmetry according Cohen’s d using the following
equation:

d = (x1—x2)lo (0
where x1 and x2 are the mean values for each group, respectively, and o is the pooled
standard deviation from both groups. Results were classified as either small (0.20-0.49),
medium (0.50-0.79) or large (= 0.80) and were entered into G*Power 3.0.10 (Heinrich
Heinem University Diisseldorf, Diisseldorf, Germany) to compute the achieved power

per assessment.
2.3 Results
2.3.1 Timeline of Model Development

Animals in the Sham and LDP groups showed significant deviation from the
Naive group at post-operative week 1 for parameters of pressure hyperalgesia (Naive vs
Sham: p=0.006; Naive vs LDP: p=0.006; Figure 9A) and burrowing (Naive vs Sham:
p=0.103; Naive vs LDP: p<0.001; Figure 9B), which resolved at post-operative week 4.
Sham and LDP animals also showed significant differences at post-operative week 1
compared to the Naive group for parameters of treadmill gait, including left hind limb

swing duration (Naive vs Sham: p<0.001; Naive vs LDP: p=0.006; Figure 9C) and left
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hind limb duty factor (Naive vs Sham/LDP: p<0.001; Figure 9D), which both resolved at
post-operative week 6. Right hind limb duty factor for the LDP group also showed
significance at post-operative week 1 (p=0.011) and continued to trend toward

significance at post-operative week 6 (p=0.054).
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Figure 9: Timeline of functional and behavioral measures from baseline to post-operative week 20, including pressure
hyperalgesia (A), burrowing (B), and treadmill gait (C,D). Error bars represent standard deviation.



2.3.2 Longitudinal Behavioral Differences in Naive Animals

Static weight-bearing showed that Naive animals (n=8) carried significantly more
weight on the left hind limb while stationary at the chronic timepoint (p=0.033; Figure
10B). The amount of gravel displaced by Naive rats (n=4) significantly decreased over
time, achieving significance at both the intermediate (p=0.018) and chronic timepoints
(p=0.020; Figure 10C). No significant differences were detected for percent time spent
traveling in 30 minutes in an open field arena (n=8; Figure 10A), low back pressure

hyperalgesia (n=8; Figure 10D), or treadmill gait parameters (n=5; Figure 10E, F).
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Figure 10: Functional and behavioral measures for Naive rats over 20 weeks,
including open field arena (A), static weight-bearing (B), burrowing (C), pressure
hyperalgesia (D), and treadmill gait (E,F). Error bars represent standard deviation.

2.3.3 Differences Between Sham and LDP Groups
LDP rats (n=13) showed a significant decrease in percent time spent traveling
over 30 minutes at the intermediate (p=0.049) and chronic (p=0.044) timepoints

compared to the Sham control (n=11) as shown in Figure 11.
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Figure 11: Percent time spent traveling in 30 minutes over 20 weeks for Sham
and LDP rats (A). Error bars represent standard deviation. Recording view of rats in
open field arenas (B).

LDP rats (n=12) also showed a significant deviation from forelimb versus hind
limb gait symmetry at the intermediate (p<0.001) and chronic time points (p<0.001)
compared to the Sham control (n=9; Figure 12A). LDP rats showed significantly
increased left hind limb swing duration at the intermediate timepoint (p=0.0060; Figure
12E) and trended toward significance at the chronic timepoint (p=0.075). Right hind limb
swing duration for LDP rats showed a trend toward a significant decrease at 0-4 weeks
(p=0.051; Figure 12F) compared to Sham animals. No significant differences were
detected between Sham and LDP rats for measures of static weight-bearing or low back

pressure hyperalgesia (Sham n=11, LDP n=13; Figure 12B, D), or weight burrowed

(Sham n=5, LDP n=4; Figure 12C).
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Figure 12: Functional and behavioral measures for Sham and LDP rats over 20
weeks, including treadmill gait (A,E,F), static weight-bearing (B), burrowing (C), and
pressure hyperalgesia (D). Error bars represent standard deviation.

No significant differences were seen longitudinally for Naive rats (n=3) or
between Sham (n=6) and LDP (n=8) groups for the pain tolerance on lateral bending
maze. Qualitatively, time to complete 2 progressive turns in 2 minutes (Figure 13)

seemed to show more differences amongst groups than other tested maze parameters.
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Figure 13: Pain tolerance on lateral bending maze for Naive rats (A) and Sham
and LDP rats (B) over 20 weeks. Error bars represent standard deviaton.

2.3.4 Effect Size Calculation

Effect sizes and corresponding power of each assessment which demonstrated
differences between the Sham and LDP groups are presented in Table 5. Both percent
time spent traveling in 30 minutes and forelimb compared to hind limb gait symmetry
showed large effect sizes at the chronic timepoint.

Table 5: Behavioral Assessment Effect Sizes.

Assessment Effect Size  Power (%)
Percent Time Spent Traveling (30 minutes) 0.80 53
Forelimb versus Hind Limb vs Gait Symmetry 11 71

2.4 Discussion

Timeline of model development. This study was performed to characterize the

functional and pain-related changes associated development of IVD degeneration
following a lumbar disc puncture of one IVD in the rat. Functional and behavioral

assessments out to 20 weeks post-surgery identified a distinct timeline of changes
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suggestive of pain: acute changes induced by surgical trauma resolved at 4-6 weeks
post-surgery, a period resembling baseline values was sustained from 6-16 weeks post-
surgery, and changes were again observed at 16-20 weeks post-surgery. These results
reveal that rats do not fully recover from the soft tissue trauma and acute pain induced
by LDP surgery until 4-6 weeks post-surgery and develop evidence of LDP-related
behavioral and gait changes at 16-18 weeks post-surgery.

Phenotypic changes. Lumbar disc puncture of one IVD revealed a functional and

behavioral phenotype characterized by decreased percent time spent traveling in 30
minutes as well as decreased hind limb stride frequency compared to that of the
forelimbs. Decreased open field activity has previously been shown in models of
depression [148] and anxiety [149], as well as painful arthritis [138] and chronic
inflammatory pain in rats [150]. However, the current study is the first to use a general
activity measure via open field testing as a marker of changes post-IVD puncture and
onset of IVD degeneration. This result is clinically relevant, as decreased general activity
is well documented in patients with low back pain [151, 152]. Decreased hind limb stride
frequency compared to forelimb stride frequency has previously been demonstrated in a
spinal cord injury model [153], as the forelimbs compensate for the less functional hind
limbs. Effect sizes were calculated at the chronic timepoint to remove time as a variable
and focus on differences between groups due to surgical L5-L6 IVD puncture. In

addition to statistically significant differences, the effect sizes for both parameters
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indicate that the magnitude of the difference between the Sham and LDP groups is large
at this timepoint.

This unilateral injury model may result in bilateral functional changes. This is
supported by the decreased hind limb step frequency compared to that of the forelimbs
as well as a lack of unilateral changes in percent hind limb weight-bearing. An increased
sample size is needed to determine bilateral versus unilateral functional changes in hind
limb swing duration at the chronic timepoint. Taken together, these results point to
behavioral changes in our model which are consistent with those reported for other
models of musculoskeletal pathology, including human clinical presentation, and
suggest pain-related phenotypic changes with IVD degeneration in this model.

Comparison to literature. Previous studies of surgically-induced IVD

degeneration in the rat via puncture of multiple lumbar IVDs with a 26 gauge needle
[102] or 0.5 mm drill [103] have reported decreased hind limb swing duration and
increased time in stance phase at post-operative week 6 [102]; importantly, this prior
study also reported a significantly decreased pressure hyperalgesia threshold in the LDP
rats compared to the Sham control from post-operative weeks 2-7 [103], respectively. In
our study, we observed resolution of acute changes in swing duration on the operated
side at post-operative week 6, significant elevation at 6-16 weeks, and a trend toward
elevation at 18-20 weeks, and no significant changes in pressure hyperalgesia. Our

finding of no changes in pressure hyperalgesia in this model may be related to our study
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of a single degenerate IVD level, which led to a smaller surgical incision site, differences
in our surgical approach, and our novel study of periods longer than 7 weeks post-
surgery.
2.5 Conclusion

This study identified functional and pain-related changes associated IVD
degeneration after a lumbar disc puncture of one IVD in the rat, as well as the timeline
of pain development. Utilizing a clinically relevant model of IVD degeneration is critical
to understanding the specific mechanisms of pain generation. Longer-term development
of activity and gait changes in the LDP model of IVD degeneration may better represent

the development of discogenic pain in humans.

50



3. Effects of IVD Degeneration on DRG Neuron Function
In Vitro

3.1 Introduction

Sensory innervation of the peripheral AF of healthy IVDs, as well as the presence
of infiltrating nerve fibers in degenerate IVDs has been well established [18, 84]. The
absence of infiltrating nerve fibers in asymptomatic IVDs suggests involvement of
innervating sensory afferent nerve fibers in nociception and pain from degenerative disc
pathology [62, 96, 97] as described in section 1.3.3.

Another spinal pathology with neural involvement, IVD herniation, has also
been studied as a source of low back pain. IVD herniation occurs when the AF ruptures,
allowing the NP to protrude out of the IVD and onto adjacent neural structures such as
DRGs or spinal nerve roots. This leads to mechanical compression of the affected
structures, as well as inflammation [154]. Rat models of IVD herniation have
demonstrated persistent changes in functional and behavioral assessments associated
with pro-inflammatory factors, suggesting that maintenance of inflammation may play a
role in chronic pain development [155]. Because of the relationship between IVD
herniation and the surrounding neural structures, animal models mimicking clinical
IVD herniation have also been widely used to study affected nerves for differences in
neuronal nociceptive activity. A study by Shamji and co-workers investigated changes
due to NP-induced inflammation in a rat model of radiculopathy where NP from a

caudal IVD was placed on the right L5 DRG [156]. These animals showed changes in
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gait, mechanical allodynia, and increased local expression of pro-inflammatory
cytokines [156]. Allen and co-workers further characterized these behavioral changes
and showed that local delivery of soluble TNF receptor type II, a TNFa antagonist,
concurrent with NP placement on the right L5 DRG resolved these changes [142].
Hwang and co-workers showed that the nervous system response in this model of
radiculopathy extends past the response of the local DRG neurons to include the
midbrain portion the central nervous system [157]. A study by Egeland and co-workers
investigated nociceptive changes in the sciatic nerve using an ex vivo rat model of IVD
herniation where NP tissue from caudal IVDs was placed directly onto the L4-L5 nerve
roots. The sciatic nerve was stimulated and electrophysiological recordings from the
ipsilateral dorsal horn of the spinal cord were obtained. Results showed a persistent
increase in C fiber activity, suggesting that NP application to the nerve roots leads to
sensitization of nociceptive pathways at the spinal level [158]. Like IVD herniation,
functional neuronal changes may be present in painful IVD degeneration in addition to
the described behavioral changes (Chapter 2).

Inflammation induced by surgical IVD puncture can lead to local release of NGF
[76], which promotes ingrowth of small, nociceptive DRG neurons with upregulated
NGEF receptors [18, 84]. NGF acts on TrkA, p75NTR, or TrkA-p75NTR receptor
complexes [159] on the central terminals or cell bodies of these nerve fibers to play a role

in pain development [84]. NGF binding to TrkA can potentiate the function of TRPV1, a
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receptor present on NGF-dependent neurons which responds to chemical and thermal
stimuli. This occurs via phosphorylation of TRPV1 channels by serine/threonine kinases
including protein kinase C (PKC) [160], protein kinase A (PKA) [79, 161, 162],
phosphoinositide-3 kinase [163, 164], and tyrosine kinase c-Src [165]. This could also
occur by activation of Ras1 [166] (Figure 14). TRPV1 is inhibited by endogenous
phosphatidylinositol-4,5-bisphosphate (PIP2), but the presence of NGF activates
phospholipase Cy (PLCy) via TrkA and results in depleted PIP, allowing for activation
of TRPV1 [167]. NGF-dependent sensory neurons are often challenged in vitro with

capsaicin, a chemical stimulant, to assess TRPV1 activity.
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Figure 14: Selected mechanisms of NGF-mediated activation of TRPV1 via
TrkA. Green and purple colors represent different biochemical pathways.
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For this study, it was important to determine the effect of possible LDP-induced
upregulation of NGF on TrkA expression in DRG neurons innervating the degenerate
IVD. Therefore, increased expression of TrkA and TRPV1 were investigated via
immunohistochemistry (described in Chapter 4) and primary DRG cell isolates were
cultured and evaluated for TRPV1 function before and after acute NGF incubation via
capsaicin challenge.

3.1.1 Objective

The objective of this study was to evaluate functional neuronal changes in a
surgical model of painful IVD degeneration through testing of isolated DRG neurons for
sensitivity to capsaicin before and after NGF incubation using calcium signaling.

3.2 Materials and Methods

3.2.1 Euthanasia, Exsanguination, and Perfusion

At 20-22 weeks post-surgery (age 38-40 weeks), animals were euthanized with
euthanasia solution (euthanasia solution with phenytoin; 150 mg/kg; intraperitoneal)
and then exsanguinated via transcardial perfusion with 1X PBS (Gibco Life
Technologies, Waltham, MA) using a peristaltic pump (Naive n=6; Sham/LDP n=9).
3.2.2 Tissue Harvesting and Processing
3.2.2.1 Tissue Harvesting

The dorsal spine was exposed, the posterior elements were removed via

laminectomy to expose the spinal cord, and the spinal cord was removed. The DRGs
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remained intact within the recesses of the exposed foramen after spinal cord removal
due to the stronger connection between the DRGs and peripheral nerves (Figure 15). The
spine was then excised, eliminating the peripheral nerve connections. Bilateral L1 and L2
DRGs were extracted from the corresponding foramen and the central and peripheral
neural connections were trimmed. The L5-L6 motion segment was also harvested as

described in section 4.2.2.
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Figure 15: Dorsal view of spine during tissue harvest procedure. This
schematic depicts the dorsal view after laminectomy with intact DRGs. DRGs are
located within the recesses of exposed foramen, which are at the interface of the
vertebrael plane and pedicles.

Bilateral L1 and L2 DRGs from each animal (Naive n=12 L1 DRGs and n=12 L2
DRGs; Sham/LDP n=18 L1 DRGs and n=18 L2 DRGs) were separated into ipsilateral
(left-sided) and contralateral (right-sided) groups and immersed in a solution of Hank’s
buffered saline solution (1X HBSS) without Ca? or Mg?* (Gibco) plus 10 mM HEPES

(stabilizing solution) and kept on ice for less than 30 minutes.
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3.2.3 DRG Cell Isolation

DRGs were first incubated in 45U papain (Worthington, Lakewood, NJ)/L-
cysteine (Sigma-Aldrich) in 1X HBSS without Ca? or Mg?* (Gibco) plus 10 mM HEPES
(Gibco) for 20 minutes. Then they were washed with stabilizing solution three times and
subsequently incubated for 20 minutes in 1.5 mg/mL collagenase from clostridium
histolyticum type II (Sigma-Aldrich) in stabilizing solution. DRGs were then washed
three times with stabilizing solution, resuspended in culture medium consisting of
Neurobasal A (Gibco) with B27 (Gibco), pen/strep (Gibco), 2 mM glutamax (Gibco), 5%
fetal bovine serum (Gibco), and triturated with fire-polished Pasteur pipettes of graded
diameters. The dissociated cells were filtered through a 40 um cell strainer (Corning),
plated on 804G (a laminin-rich conditioned media) [168]-coated glass coverslips (12mm
diameter; Fisher Scientific, Pittsburgh, PA), and incubated overnight in culture medium.
All incubations were done at 37°C and 5% CO: humidified air and experiments were
performed within 24 hours of plating.
3.2.4 Calcium Imaging
3.2.4.1 Experimental Set-Up

All additional steps were completed while in a dark room. Cells were incubated
in 3 pg/ml Fura-2 AM (Invitrogen Life Technologies, Eugene, OR), a fluorescent
intracellular calcium indicator, for 45 minutes and then incubated for 30 minutes in

external solution constituting 130 mM NacCl (Sigma-Aldrich), 5 mM KClI (Sigma-
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Aldrich), 2 mM CaCl: (Sigma-Aldrich), 1 mM MgCl: (Sigma-Aldrich), 30 mM Glucose
(Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich). For each recording, a coverslip was
placed in a perfusion chamber and perfused with external solution at room temperature
at a rate of 2 mL/min. Cells were viewed under an inverted microscope (Olympus
Optical, Tokyo, Japan) and images were captured with an Orca camera (Hamamatsu
Photonics, Hamamatsu City, Japan). SimplePCI Software (Hamamatsu Photonics) was
used to manually draw regions of interest (ROIs) around Fura-loaded neurons prior to
recording as shown in Figure 16. The ratio of fluorescence emission at an excitation

wavelength of 357 and 380 nm was measured for each ROL
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Figure 16: Calcium imaging recording view. Screenshot of neurons identified as ROIs (red circles; A). The ratio of
fluorescence emission at an excitation wavelength of 357 and 380 nm (y-axis) averaged over all ROIs. White vertical lines
correspond to applications of solutions used during the experimental protocol with external solution washes in between

applications (B). The ratio of fluorescence emission at an excitation wavelength of 357 and 380 nm (y-axis) for each individual
ROI (C).



3.2.4.2 Experimental Protocol
3.2.4.2.1 High Capsaicin Dose (200 nM) NGF Potentiation Protocol

To determine the percentage of neurons responsive to capsaicin, the
experimental protocol recorded a 2 minute baseline with external solution (Sigma-
Aldrich), then a 10 second bath application of KCl (50 mM; Sigma-Aldrich) to determine
live neurons, followed by external solution wash (>6 minutes; Sigma-Aldrich) to give
neurons the opportunity to return to baseline. This was followed by a 20 second
application of capsaicin (CAP1; 200 nM; Sigma-Aldrich), >8 minutes of external solution
wash (Sigma-Aldrich), 8 minute application of 2.55 NGF (50 ng/mL; Corning, Corning,
NY), 20 second application of capsaicin (CAP2; 200 nM; Sigma-Aldrich), and >8 minutes
external solution wash.
3.2.4.2.2 Low Capsaicin Dose (100 nM) NGF Potentiation Protocol

To determine the percentage of neurons which were still able to respond to
capsaicin after application of CAP1 and NGF incubation, as well as the ratio of
CAP2/CAP1 and neurons which responded to CAP2 only, a low capsaicin dose (100 nM)
NGF potentiation protocol was used. These studies were done using the same
experimental protocol described (section 3.2.4.2.1), but with applications of 100 nM

capsaicin for CAP1 and CAP2. A sample recording of 1 neuron is shown in Figure 17.
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Figure 17: A recording of 1 individual neuron that returned to baseline after
every stimulus. Vertical dotted lines correspond to the application and removal of

each labeled stimulus with external buffer solution washes. NGF was removed
immediately before the application of CAP2.

3.2.5 Data Analysis
3.2.5.1 Determination of Responsive Neurons

Recorded tracings of individual neuron responses over time were plotted using
GraphPad Prism (GraphPad Software) to immediately eliminate any non-neuronal cells
or cells which did not return to baseline after responding to the application of KCl or
CAP1. For the remaining ROlIs, the following equation was used to determine the
percentage response (PR) to each stimulus:

[(Maximum response /| Average Baseline) — 1] * 100 = PR (2)
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where the peak amplitude achieved due to the stimulus is compared to the average
baseline values of up to 30 seconds before the stimulus was given. A 10% or greater
change from the baseline 357 nm/380 nm ratio was considered a positive response. In
this way, the total number of alive neurons (positive KCl response) and CAP1-
responsive neurons was determined using the high capsaicin dose NGF potentiation
protocol. This protocol was used to assess the neuronal response to capsaicin because a
dose of 200 nM should elicit a response from every neuron which is able to respond to
capsaicin. Differences in the number of CAP1-responsive neurons compared to those
which did not respond between the Sham and LDP groups were assessed via Chi-
Square tests (a<0.05; GraphPad Software) with ipsilateral and contralateral neurons
analyzed separately. Differences in the number of capsaicin-responsive ipsilateral and
contralateral neurons within each treatment group were also assessed via Chi-Square
tests (a<0.05; GraphPad Software).
3.2.5.1.1 Comparison of CAP1-Responsive Neurons to Prior Work

The percentage of CAP1-responsive neurons at a capsaicin dose of 200 nM from
the current study was compared to published raw data from previous studies in rats [79,
169], and the percentage of CAP1-responsive neurons found in these prior studies was
also compared via Chi-Square tests (a<0.05; GraphPad Software). These studies

stimulated DRG neurons from Naive adult rats with a capsaicin dose of 1 uM and
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reported the percentage of CAP1-responsive neurons after incubation with 100 [79] and
50 [169] ng/mL NGF.
3.2.5.2 Neurons Responsive to Both CAP1 and CAP2

Neurons which exhibited a positive CAP1 response (section 4.2.5.1) during the
low capsaicin dose (100 nM) NGF potentiation protocol experiment were further
analyzed for responsiveness to CAP2. Those which showed a positive response to the
application of CAP 1 as well as CAP2 were counted and differences between the Sham
and LDP groups were assessed via Chi-Square tests (a<0.05; GraphPad Software) with
ipsilateral and contralateral neurons analyzed separately. Differences in the number of
ipsilateral and contralateral neurons responsive to both doses of capsaicin within each
treatment group were also assessed via Chi-Square tests («<0.05; GraphPad Software).
3.2.5.3 Positive Responses to Only the Second Application of Capsaicin

Many neurons in the low capsaicin dose (100 nM) NGF potentiation protocol
experiment showed no response to CAP1, but then a positive response after the
application of CAP2. These neurons showing a positive response to only CAP2 (section
4.2.5.1) were counted in a separate analysis and differences between the Sham and LDP
groups were assessed via Chi-Square tests (a<0.05; GraphPad Software) with ipsilateral
and contralateral neurons analyzed separately. Differences in the number of ipsilateral

and contralateral neurons responsive only to the second application of capsaicin within

63



each treatment group were also assessed via Chi-Square tests (a<0.05; GraphPad
Software).
3.2.5.4 CAP2/CAP1 Ratio

All neurons which responded to any application of capsaicin during the low
capsaicin dose (100 nM) NGF potentiation protocol experiment were included in the
CAP2/CAP1 ratio analysis. CAP2/CAP1 ratio was calculated according to the following
formula:

PReap2 / PRear1 = CAP2 | CAP1 Ratio (3)
where the PR for each stimulus is calculated based on the peak amplitude relative to
baseline as described in section 4.2.5.1 (equation 2). Differences in the ratio of capsaicin
responses between the Sham and LDP groups were assessed via unpaired t-tests with
Welch'’s correction (a<0.05; GraphPad Software) with ipsilateral and contralateral
neurons analyzed separately. Differences in the ratio of capsaicin responses for
ipsilateral and contralateral neurons within each treatment group were also assessed via
unpaired t-tests with Welch’s correction (a<0.05; GraphPad Software).
3.2.5.4.1 Effect Size Calculation

The effect size (Cohen’s d) of the difference between Sham and LDP groups at
the chronic timepoint was determined for the CAP2/CAP1 ratio. Results were classified

as either small (0.20-0.49), medium (0.50-0.79) or large (= 0.80) and were entered into
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G*Power 3.0.10 (Heinrich Heinem University Diisseldorf) to compute the achieved
power as described in section 2.2.5.3.1.
3.2.5.4.2 Neurons with CAP2/CAP1 Ratio Greater Than 1

To further characterize the neuronal response to capsaicin, the distribution of
CAP2/CAP1 ratio values amongst groups was examined. Differences in the number of
neurons with CAP2/CAP1 ratio values of less than 1 and greater than 1 were assessed
via Fisher’s exact test (a<0.05; GraphPad Software).

3.3 Results

The high capsaicin dose (200 nM) NGF potentiation protocol revealed a
significantly increased number of CAP1-responsive neurons in the Sham group
compared to the LDP group for both the ipsilateral (p=0.016) and contralateral (p=0.036)
DRG neurons (Figure 18; Table 6). No differences in responsiveness to CAP1 were
shown between the ipslateral and contralateral neurons for any treatment group (Table

6).
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Figure 18: Percentage of neurons responsive to application of CAP1.
Responsiveness of the ipsilateral (A) and contralateral (B) L1 and L2 DRG neurons to
the high capsaicin dose (200 nM) NGF potentiation protocol. Total number of neurons
in each group are given above the corresponding bars and results are expressed as a
percentage of those neurons.
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Table 6: Calcium Imaging Results. Naive, Sham, and LDP entries indicate
comparison of ipsilateral and contralateral neuronal responses in the corresponding

group.
NGF Potentiation Measure Comparison value
Protocol (Percentage of Neurons) P P

Sham vs LDP Ipsilateral 0.016
Sham vs LDP Contralateral 0.036

High Capsaicin Dose .
(200 nM) Response to CAP1 Naive 0.63
Sham 0.13
LDP 0.55
Sham vs LDP Ipsilateral 0.21
Sham vs LDP Contralateral 0.042

Low Capsaicin Dose "
(100 nM) Response to CAP1 AND CAP2 Naive 0.26
Sham 0.31
LDP 0.75
Sham vs LDP Ipsilateral 0.014
Sham vs LDP Contralateral 0.14

Low Capsaicin Dose .
(100 NM) Response to CAP2 Only Naive 0.46
Sham 0.12
LDP 0.024
Sham vs LDP Ipsilateral 0.052
Sham vs LDP Contralateral 0.75

Low Capsaicin Dose . .
(100 nM) CAP2/CAP1 Ratio Naive 0.35
Sham 0.20
LDP 0.16
Sham vs LDP Ipsilateral 0.082
Sham vs LDP Contralateral 0.59

Low Capsaicin Dose . .
(100 nM) CAP2/CAP1 Ratio >1 Naive 0.44
Sham 0.73
LDP 0.012

Previous studies found that 67% [79] and 76% [169] of rat DRG neurons were

capsaicin-responsive on electrophysiology and calcium imaging, respectively (Table 7).

These results were not significantly different from each other (p=0.18). However, results

found using the high capsaicin dose (200 nM) protocol were significantly different from
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those found by Shu and Mendell (p=0.048), as well as Oh and co-workers (p<0.0001;

Table 7).
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Table 7: Comparison of CAP1-Responsive Neurons to that of Prior Studies.

CAP1-Responsive

Number CAP1-

Total Number

Study Neurons (%) Responsive Neurons  Alive Neurons Comparison p value
High Capsaicin Dose High Capsaicin Dose (200 nM) vs
(200 nM) 51 132 258 Shu and Mendell 1999 0.048
Shu and Mendell High Capsaicin Dose (200 nM) vs
1999 67 32 48 Oh and Miller 2001 <0.0001
Oh and Miller 2001 76 120 157 Shu and Mendell 1999 vs 0.18

Oh and Miller 2001




Compared to the Sham group, the contralateral LDP group showed a
significantly decreased number of CAP2-responsive neurons out of those which had
already responded to capsaicin (p=0.042; Figure 19B). The ipsilateral neurons showed no
differences between groups (Figure 19A), and no differences were detected between the
ipslateral and contralateral neurons for any treatment group (Table 6).

The number of ipsilateral neurons in the LDP group which responded only to
CAP2 was significantly decreased compared to that of the Sham group (p=0.014), with
zero ipsilateral neurons responding for the LDP group (Figure 19C). The contralateral
neurons showed no differences between groups (Figure 19D). In addition, the number of
ipsilateral LDP neurons which responded to only CAP2 was significantly decreased
compared to contralateral LDP neurons (p=0.024). No differences were detected between

the ipslateral and contralateral neurons for the Sham and Naive groups (Table 6).
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The ipsilateral LDP neurons showed a strong trend toward a significant decrease
of the CAP2/CAP1 ratio compared to those of the Sham group (p=0.052; Figure 20A). No
differences were detected in the CAP2/CAP1 ratio between the contralateral Sham and
LDP neurons (Figure 20B) or between ipsilateral and contralateral neurons for any

treatment group (Table 6).
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The percentage of ipsilateral LDP neurons with a CAP2/CAP1 ratio greater than
1 trended toward a significant decrease compared to those of the Sham group (p=0.082;
Figure 20C) and was significantly decreased compared to that of the contralateral LDP
neurons (p=0=0.012; Table 6). No differences were detected in the percentage of neurons
with a CAP2/CAP1 ratio greater than 1 between the contralateral Sham and LDP
neurons (Figure 20D) or between ipsilateral and contralateral neurons for the Naive or

Sham treatment groups (Table 6).

3.3.1 Effect Size Calculation

The effect size and corresponding power for the comparison of CAP2/CAP1 ratio
between Sham and LDP neurons are presented in Table 8. CAP2/CAP1 ratio showed a
medium effect size at the chronic timepoint.

Table 8: CAP2/CAP1 Ratio Effect Size.

Assessment Effect Size Power (%)
CAP2/CAP1 0.72 55

3.4 Discussion

Comparison to previous studies. This study was performed at the chronic

timepoint to characterize the effects of IVD degeneration on DRG neuron function in
vitro. Previous studies stimulated DRG neurons from Naive adult rats with a capsaicin
dose of 1 uM and found the percentage of capsaicin-responsive neurons on

electrophysiology [79] and calcium imaging [169] after incubation with 100 and 50
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ng/mL NGF, respectively. Comparing these prior findings revealed no significant
differences. However, these results were significantly different from those of the current
study, which can be attributed to the 10-fold higher capsaicin dose used in the previous
studies.

Neuronal responses to high dose capsaicin. Neuronal responses to CAP1 during

the high capsaicin dose (200 nM) protocol revealed a possible sham-effect, where an
increased number of both the ipsilateral and contralateral DRG neurons of the Sham
group responded compared to those of the LDP group.

Neuronal responses to low dose capsaicin. For neurons which responded to

CAP1 with the low capsaicin dose (100 nM) NGF potentiation protocol, their ability to
respond to CAP2 was unaffected except for the contralateral LDP neurons (50%)
compared to those of the Sham group (70%). However, many contralateral LDP neurons
which did not respond to CAP1 were recruited by NGF incubation and responded to
CAP2. This was not the case for ipsilateral LDP neurons. Ipsilateral LDP neurons which
responded to CAP1 showed no difference in their ability to respond to CAP2, but those
which did not respond to CAP1 remained unresponsive even after incubation with acute
NGEF. This could indicate that the neuron had been exposed to minimal NGF previously
and was sensitized by the NGF incubation, meaning that NGF led to the recruitment of
TRPV1 receptors to the membrane surface. This would then allow the neuron to achieve

a positive response to CAP2. The significant differences in the number of neurons
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responding to only CAP2 between the ipsilateral Sham and LDP groups, as well as
between the ipsilateral and contralateral LDP neurons can be attributed to zero
ipsilateral LDP DRG neurons responding to only CAP2. This means that 100% of the
time in this study, if a given ipsilateral LDP neuron did not respond to CAP1, it also did
not respond to CAP2. One explanation could be that these cells underwent chronic
exposure to NGF in vivo, which altered the ability of TRPV1 to sensitize to further acute
NGF. Additional possible explanations for these results are discussed in conjunction
with immunostaining results in Chapter 4.

CAP2/CAP1 ratios. The ratio of capsaicin responses was determined for all

capsaicin-responsive DRG neurons from data obtained using the low dose capsaicin (100
nM) NGF potentiation protocol. The ipsilateral LDP neuron CAP2/CAP1 ratio showed a
strong trend toward being significantly decreased compared to both the ipsilateral Sham
neurons and contralateral LDP neurons. In addition, only the ipsilateral LDP group
showed desensitization of TRPV1 to capsaicin after incubation with NGF (CAP2/CAP1 <
1). All other groups showed a sensitization response (CAP2/CAP1 > 1). A CAP2/CAP1
ratio of greater than 1 is expected in healthy capsaicin-responsive neurons. The
percentage of ipsilateral LDP neurons with a CAP2/CAP1 ratio greater than 1 also
showed a strong trend toward being significantly decreased compared to ipsilateral
Sham neurons. This indicates that the desensitization response to capsaicin shown by

the ipsilateral LDP neurons was representative of the neuronal population, as 79% of
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these individual neurons showed a desensitization response. Despite no statistically
significant differences, the effect size for the CAP2/CAP1 ratio indicates a substantial
difference between the ipsilateral Sham and LDP neurons at this timepoint.

The medium effect size of desensitization of TRPV1 to capsaicin after incubation
with NGF in ipsilateral DRG neurons, taken together with the trend toward increased
number of neurons responsive to CAP1, pronounced change in the number of neurons
responding to CAP2 after responding to CAP1, and zero neurons responding to CAP2
only, show that the ipsilateral LDP DRG neurons are functionally different at this
chronic timepoint.

One limitation in this work was the possible bias introduced while identifying
the ROIs. A neuron could be missed and not identified until the calcium imaging
experimental protocol had started, excluding it from the data collection process. In
addition, a small neuron could appear similar to a large satellite cell and therefore not be
identified as an ROL This could lead to a selection bias for larger neurons and brighter
fluorescence. The other substantial limitation in this work was the low number of
animals included in the Naive group for the low capsaicin dose (100 nM) NGF potential
protocol studies, and a resulting low neuron yield. Increasing the number of rats in the
Naive group would increase the neuron sample size and lead to data from a more

representative neuronal population.
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3.5 Conclusion

This study identified functional neuronal changes in a surgical model of IVD
degeneration in a rat through testing of isolated DRG neurons in vitro. L1 and L2 DRG
neurons responded as expected to the NGF potentiation protocols, except for the
unilateral DRG neurons in the LDP group. Puncture of the L5-L6 IVD led to unilateral
changes in the L1 and L2 DRG neurons as predicted based on the known innervation
pattern of the lateral aspect of this IVD. However, some contralateral changes were also
detected in the LDP neurons, suggesting that injury to the lateral aspect of the IVD
resulted in functional changes to the ipsilateral neurons at 20 weeks post-surgery, with a
slower progression of changes to the contralateral neurons. Based on these results,
puncture of this single IVD is an adequate model for future studies to further elucidate

specific mechanisms of pain in IVD degeneration.
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4. Characterization of IVD and DRG Changes in IVD
Degeneration Model

4.1 Introduction

The degree of IVD degeneration is often assessed via morphologic changes,
which can be seen on histology. However, differentiating between painful IVD
degeneration and non-pathologic age-related changes using histologic or imaging
methods remains a clinically relevant challenge. Prior studies have focused on
developing a histologic classification system to best define the grade of IVD
degeneration for comparison to a variety of outcomes, including age-related IVD
changes and pain [55, 170-172]. A review of 30 lumbar IVD degeneration grading
systems revealed a high degree a variability between them, making comparisons
amongst studies difficult [173]. Recommended criteria for a more standardized grading
system of IVD degeneration includes a scale of three to five grades starting with the non-
degenerate state as grade zero [173]. Such a system has been used in a mouse tail model
of IVD degeneration and successfully differentiated between groups [174].

Injured IVDs have elevated levels of NGF [76], which can sensitize primary
afferent neurons through TrkA [64] as discussed in Chapters 1 and 3. Nerve fibers
expressing TrkA have been shown to innervate painful IVDs in humans [84], and fibers
expressing both TrkA and p75NTR innervate non-pathologic IVDs in rats [175]. A study
by Pezet and co-workers investigated sensory neuron changes due to elevated NGF in a

Freund’s adjuvant-induced arthritis model of rat hind paws over 12 weeks. Results
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showed an increase in p75NTR during acute inflammation and a subsequent increase in
TrkA protein levels via Western blot analysis, which was associated with a long-lasting
inflammatory response [77]. These receptors have also been implicated in neuropathic
pain as shown by a model of spinal nerve ligation, where nerve injury increased
p75NTR expression as well as phosphorylation of TrkA in uninjured sensory neurons.
Inhibition of p75NTR led to decreased TRPV1 channel activation and reversal of
neuropathic pain [176].

Changes in DRG neurons have been studied extensively in the context of nerve
injury and regeneration. DRG avulsion is a brachial plexus injury where the spinal nerve
roots are violently pulled away from the spinal cord, resulting in a disrupted connection
between it and the affected DRGs. Treatment to restore even partial sensory function
requires surgical reimplantation of the avulsed nerve roots and axonal regeneration.
Nerve injury in this pathology is characterized by an increased number of TRPV1-
positive neurons [177, 178] and altered levels of NGF, GDNF, and the GDNF receptor,
Ret [179, 180]. A study by Anand and co-workers cultured neurons from avulsed DRGs
with neurotrophic factors such as NGF and determined that these factors lead to
neuronal hypertrophy, elevated TRPV1 levels, and enhanced capsaicin responses [181].

DRG neurons also undergo morphologic changes after peripheral nerve injury.
Depending on the type of injury, short-term changes after injury include Wallerian

axonal degeneration, and possibly apoptosis. Apoptosis is characterized by chromatin
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condensation, nuclear fragmentation, and formation of cytoplasmic blebs [182]. The
sizes of the nucleolus [183] and mitochondria [184] increase, cellular DNA is degraded,
and the cell breaks apart into fragments [185]. However, surviving neurons may begin to
show changes associated with axonal regeneration. This includes nuclear and neuronal
hypertrophy due to increased metabolic and transcriptional activity [186], as well as
collateral sprouting of the axon toward the distal site [187]. An increasing number of
genes associated with axon growth are also upregulated during this phase, including
IL6, IGF1, FGFR3, NPY, GAP43, and CSF1 [188].

For this study, it was important to confirm IVD degeneration due to the surgical
lumbar disc puncture, as well as detect changes to innervating DRG neurons to further
explain the described functional changes (Chapter 3). Therefore, IVD sections were
stained and graded for severity of degenerative changes and DRG sections were
immunostained for TrkA, p75NTR, and TRPV1 to assess NGF-related changes.

4.1.1 Objective

This study was performed to confirm IVD degeneration and assess changes to

innervating DRGs 20 weeks after a surgical lumbar disc puncture injury.

4.2 Materials and Methods

4.2.1 Euthanasia, Exsanguination, and Perfusion
At 20-22 weeks post-surgery (age 38-40 weeks), animals were euthanized with

euthanasia solution (euthanasia solution with phenytoin; 150 mg/kg; intraperitoneal)
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and then exsanguinated via transcardial perfusion with 1X PBS (Gibco) followed by 150
mL of 4% paraformaldehyde (PFA) in PBS, with all procedures using a peristaltic pump
(n=3 per group).
4.2.2 Tissue Harvesting and Processing
4.2.2.1 Tissue Harvesting

Tissues were harvested as described in section 3.2.2. The L5-L6 motion segment
of each animal was also harvested with intact endplate and some vertebral bone as
shown in Figure 15 (n=3 per group).
4.2.2.2 Tissue Processing
4.2.2.2.1 L5-L6 IVDs

L5-L6 IVDs were post-fixed in 4% PFA for 48 hours at 4°C and decalcified using
Immunocal (StatLab, McKinney, TX) for 72 hours at 4°C, with solution changes every 24
hours. Then specimens were immersed in a solution containing 30% sucrose for 24 hours
at 4°C, and then set in OCT Tissue Tek (Sakura Finetek Japan, Tokyo) overnight at 4°C.
Specimens were then placed in fresh OCT Tissue Tek (Sakura Finetek Japan), frozen in
liquid nitrogen, and stored at -80°C.
4.2.2.2.2 L1-L2 DRGs

L1-L2 bilateral DRGs were post-fixed in 4% paraformaldehyde for 48 hours at
4°C, immersed in 30% sucrose solution for 24 hours at 4°C, embedded in OCT Tissue

Tek (Sakura Finetek Japan), frozen in liquid nitrogen, and stored at -80°C.
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4.2.3 Histology & Immunohistochemistry
4.2.3.1 L5-L6 IVD Histology

L5-L6 IVDs were sectioned in the frontal plane at a thickness of 7-9um on a Leica
CM1950 cryostat (Leica Microsystems; Wetzlar, Germany), and sections were mounted
on glass slides so that 2 consecutive sections were mounted every 28 um. One slide from
the anterior, mid-section, and posterior aspects of each IVD was post-fixed with 4% PFA
and stained with 0.1% safranin-O (Sigma-Aldrich, St. Louis, MO) and 0.02% fast green
(Sigma-Aldrich), and then coverslips were mounted with Permount (Fisher Scientific,
Chicago, IL) and examined at 5X using the brightfield settings on a confocal microscope
(Model DM6; Leica Microsystems).
4.2.3.2 DRG Immunohistochemistry
4.2.3.2.1 Bilateral L1 DRGs

Each L1 DRG was sectioned at 7um thickness on a cryostat (Leica Microsystems).
Every L1 DRG section was collected (2 sections per slide; one section for a control
antibody and one for the specific target), and mounted on glass slides. One section from
each rat (n=3 per treatment group) was randomly selected for immunostaining per target
of interest. Sections were washed in 0.1M Tris (pH 7.6), blocked in Tris-BSA (pH 7.6;
0.005% BSA) and then 10% serum in Tris-BSA for 1 hour, washed and blocked again in
0.IM Tris and Tris-BSA, respectively, and then incubated with a primary antibody

(Table 9) in Tris-BSA overnight at 4°C. After this first incubation, sections were washed
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in 0.IM Tris, incubated with an Alexa Fluor 488 conjugated goat anti-rabbit IgG (5
pug/mL; Abcam; Cambridge, MA) for 2 hours at room temperature, and then stained
with propidium iodide (PIL; 1:5; Sigma-Aldrich) for cell morphology after subsequent
washing in 0.IM Tris. Sections were mounted with ClearMount (Life Technologies;
Frederick, MD), and examined at 20X using a confocal microscope (Leica Microsystems).

Table 9: IHC Targets for L1 DRGs.

Target Primary Antibody Secondary Antibody

Alexa Fluor 488 conjugated

TrkA rabbit anti-TrkA goat anti-rabbit

Alexa Fluor 488 conjugated

P75NTR rabbit anti-p75NTR goat anti-rabbit

4.2.3.2.2 Bilateral L2 DRGs

To obtain in vivo neuronal cell counts, one L2 DRG per treatment group was
sectioned at 10 um thickness on a cryostat (Leica Microsystems) and sections were
mounted on glass slides. Five sections were used for staining (sections separated by >
110pum) to ensure that each neuron was counted only once [189]. Staining procedures
were followed as described (section 4.2.1.5.1). Sections were incubated overnight at 4°C
with a rabbit anti-TRPV1 primary antibody (Table 10) to determine the presence of
TRPV1 receptors. After washing, sections were incubated with an Alexa Fluor 488 goat
anti-rabbit IgG (5 ug/mL; Abcam) for 2 hours at room temperature and then incubated
overnight at 4°C with a mouse anti-PGP9.5 primary antibody (5 pug/mL; Abcam) to

identify neurons. After washing, sections were incubated with an Alexa Fluor 633 goat
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anti-mouse antibody (5 pg/mL; Abcam; Table 9) for 2 hours at room temperature, and
then stained with PI (1:5; Sigma-Aldrich) for cell morphology. Stained sections were
mounted with ClearMount (Life Technologies), and imaged at 20X using a confocal
microscope (Leica Microsystems).

Table 10: IHC Targets for L2 DRGs.

Target Primary Antibody Secondary Antibody

Alexa Fluor 633 conjugated

PGP9.5 mouse anti-PGP9.5 goat anti-mouse

Alexa Fluor 488 conjugated

TRPV1 rabbit anti-TRPV1 goat anti-rabbit

4.2.4 Data Analysis
4.2.4.1 L5-L6 IVD Histology

Frontal histologic sections (n=3 sections per IVD; anterior, mid-section, posterior)
were ordered randomly and graded to consensus by two investigators blinded to
treatment group and other identifiers. Grading criteria were modified from Tam and co-
workers [174], which focus on morphologic changes to the AF and NP regions of the
IVD, as well as the border between them (Table 11). Each section was evaluated for
grade of degeneration on a 0-4 scale with grades of 0-1 considered as non-degenerate, 2-
3 as moderately degenerate, and 4 as degenerate. The section with the most advanced
degeneration was assigned as the grade of degeneration for each individual IVD. Grades

were then averaged to obtain one overall measurement per treatment group and the
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Wilcoxon rank-sum test was used to determine differences in the severity of

degeneration between Sham and LDP treatment groups (GraphPad Software).

Table 11: IVD Histology Grading Criteria. Modified from Tam and co-workers

[174].
Grade Description
0 AF lamellae clearly defined and not disrupted with clear border between AF and NP
NP compartment occupied predominantly by large cell mass
1 AF moderately serpentine with/without rupture
NP cell mass has honey comb-like structure with fragmentation into smaller cell clusters
2 AF severely serpentine with rupture. Border between AF and NP less defined
NP has many small cell clusters
3 AF lamellae indistinct and disorganized
NP has few cell clusters with/without minor cleft formation
4 AF has cleft formation with/without lamella fragmentation

NP compartment lost and occupied by connective tissue

4.2.4.1.1 Effect Size Calculation

The effect size (Cohen’s d) of the difference between Sham and LDP groups at

the chronic timepoint was determined for grade of IVD degeneration. Results were

classified as either small (0.20-0.49), medium (0.50-0.79) or large (= 0.80) and were

entered into G*Power 3.0.10 (Heinrich Heinem University Diisseldorf) to compute the

achieved power as described in section 2.2.5.3.1.

4.2.4.2 Correlations Between Pain-Related Behavioral Changes and Histology

Correlation analysis was performed for behavioral changes against grade of IVD

degeneration on histology at the 20 week timepoint. This was done using data from each

animal that completed the open field and treadmill gait assessments and the
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corresponding histology grade for each IVD, which were ranked (GraphPad Software)
and then correlated across all groups using the CORREL function in Microsoft Excel to
yield Spearman’s rank-order correlation coefficient (rs). Spearman’s correlation
coefficient was tested for significance against the null hypothesis that r=0 (a<0.05). For
these datasets and a two-tailed analysis, significance was declared if rs<-0.35 or >0.35, or
1:<-0.39 or >0.39 [190], respectively as shown in Table 12.

Table 12: Assessments and Critical Values Used for Correlation Analysis.

Critical Value for
Spearman’s Rho (rs)

Assessment Parameter Compared to

Histologic Grade Sample Size (n)

Percentage time spent traveling in 30 minutes 32 0.35
Forelimb versus hind limb step frequency 26 0.39
Left hind limb swing duration (s) 26 0.39

4.2.4.3 DRG Immunohistochemistry
4.2.4.3.1 Quantitative Analysis Using Image] Software

DRG images were first opened in Image] and stitched together using the paired
stitching and grid/collection stitching plugins as described by Preibisch and co-workers
[191]. The resulting stitched image was duplicated and separated into individual
channels, with one channel representing each stain (section 3.2.3.2). Neurons (Figure
21A) were manually segmented into ROIs on the composite image (Figure 21B) based on
the PI staining for neuron morphology, and subsequent analyses were performed
automatically via Image]. ROIs were combined and thresholded using the isodata
algorithm [192] to output a binary image (Figure 21C). The percentage of pixels above

the threshold (white; Figure 21C) determined the area fraction of positive stain in each
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neuron (areactoplasm). The mean intensity of positively stained pixels for each ROI
(Ieytoptasm) was calculated using the green channel, which corresponded to
immunostaining for the antibody of interest (TrkA, p75NTR, TRPV1). ROIs were also
analyzed for area (um?) and maximum diameter (um).

Background regions were defined as all pixels outside the combined ROIs on the
green channel. Huang's fuzzy thresholding method [193] was applied to the image
background to identify pixels of background fluorescence (white; Figure 21D). The
average background fluorescence was calculated as the mean intensity of these pixels

using the green channel (Ibackground).

Figure 21: Image processing using Image]. DRG neurons with postive
antibody stain (green; A). ROIs of manually segmented DRG neurons (B). ROIs
thresholded using the isodata algorithm (C). Background region thresholded using
Huang's fuzzy thresholding method (D).
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4.2.4.3.2 Bilateral L1 DRGs
Sections were analyzed for neuronal cell parameters using Image]. Corrected
total cell fluorescence (CTCF) was calculated using the following equation:

CTCF = (Ieytopiasm — Ivackground) * (aredcytopiasm) (4)
where I is the mean fluorescence intensity (section 4.2.4.3.1) and CTCF values are
expressed in fluorescence units*microns? (FLU*um?). The overall CTCF mean and
standard deviation were calculated and used to convert individual CTCF values to z-
scores using the following equation:

Z=(CTCF — Mean CTCF) / SD (5)
where Z is an individual z-score and Mean CTCF and SD are the mean corrected total
cell fluorescence and standard deviation, respectively. Resulting z-scores were averaged
to give one overall measurement per treatment group and graphed to show qualitative
differences between groups. Z-test statistics were performed using raw data and
compared a z-statistic table [194] to determine differences between Sham and LDP
groups (a<0.05).
4.2.4.3.3 Bilateral L2 DRGs

Sections were analyzed for neuronal parameters using Image]J as described.
CTCF for PGP9.5 was calculated for each ROI, and those with a positive value were
defined as neurons (PGP9.5+). These PGP9.5+ cells were counted to determine the total

number of neurons present per DRG and were included in all subsequent L2 DRG
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analyses. CTCF for TRPV1 was calculated for PGP9.5+ cells and converted to z-scores. A
positive CTCF z-score was chosen as criteria for an ROI to be considered TRPV1-positive
(TRPV1+). TRPV1+ cells were counted and the percentage of TRPV1+ cells out of
PGP9.5+ cells was calculated for each DRG. Statistical analyses were done via Chi-
Square tests for differences between the number of TRPV1+ cells for Sham and LDP
groups, as well as between ipsilateral and contralateral DRGs within treatment groups,
(a<0.05, GraphPad Software).

TRPV1+ cells were further analyzed for differences in fluorescence intensity
between groups. . CTCF z-scores were averaged to give one overall measurement per
treatment group and graphed to show qualitative differences between groups. Z-test
statistics were performed to determine differences between Sham and LDP groups, as
well as between ipsilateral and contralateral DRGs within treatment groups (a<0.05).

The maximum diameter of PGP9.5+ cells was analyzed for differences in size
between treatment groups via unpaired t-test with Welch’s correction (a<0.05,
GraphPad Software). Then these ROIs were grouped into small (<30 um), medium (30-
40 um), and large (>40 pum) diameter neurons and the number of neurons in each group
was obtained. Differences in neuron size distribution between the Sham and LDP
groups, as well as between ipsilateral and contralateral DRGs within treatment groups,

was determined via Chi-Square tests (a<0.017, GraphPad Software). This procedure was
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repeated for TRPV1+ cells to investigate differences in size distribution of between
treatment groups.

Qualitative observation of IHC images revealed circular, unstained nuclei within
neurons. We therefore determined the percentage of neuron area which stained positive
for TRPV1 (TRPV1+ Area) as an indirect measure of nucleus size, as TRPV1
immunostaining was not present in the nucleus. This parameter was determined for
PGP9.5+ cells, and compared between and within treatment groups via unpaired t-tests
with Welch’s correction (a<0.05, GraphPad Software). This analysis was repeated for
TRPV1+ cells as well as PGP9.5+ cells with a negative CTCF z-score for TRPV1 (TRPV1-).
Differences in this parameter between TRPV1+ and TRPV1- cells were determined via
unpaired t-tests with Welch’s correction («<0.05, GraphPad Software).
4.2.4.3.4 Effect Size Calculation

The effect size (Cohen’s d) of the difference between Sham and LDP groups at
the chronic timepoint was determined for p75NTR, TrkA, and TRPV1 corrected total cell
fluorescence as the difference between z-scores. Results were classified as either small
(0.20-0.49), medium (0.50-0.79) or large (= 0.80) and were entered into G*Power 3.0.10
(Heinrich Heinem University Diisseldorf) to compute the achieved power as described

in section 2.2.5.3.1.

91



4.3 Results

4.3.1 L5-L6 IVD Histology

Safranin-O/fast green staining of the L5-L6 IVD confirmed bilateral
morphological changes associated with degeneration in the LDP group, including an
indistinct AF-NP border, replacement of NP with connective tissue, and disorganized
AF lamellae (Figure 22). The LDP group also showed significantly increased IVD

degeneration compared to the Sham group (p=0.019; Figure 23).

Figure 22: Safranin-O/Fast Green histology stain for IVD grade of
degeneration 20 weeks post-surgery. The LDP IVD shows decreased NP with
infiltration of connective tissue.
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Figure 23: Histologic grades of L5-L6 IVD degeneration at 20 weeks post-
surgery. Error bars represent standard deviation.

4.3.1.1 Effect Size Calculation

The effect size and corresponding power for grade of IVD degeneration
compared between Sham and LDP groups are presented in Table 13. Grade of IVD
degeneration showed a large effect size at the chronic timepoint.

Table 13: Grade of IVD Degeneration Effect Size.

Assessment Effect Size  Power (%)
Grade of IVD Degeneration 0.88 61

4.3.2 Correlations of Histology and Immunohistochemistry
Parameters to Pain-Related Assessments

No significant correlations between behavioral changes and grade of IVD

degeneration were observed as shown in Table 14.
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Table 14: Spearman’s Correlation Coefficients for Comparisons Between
Behavioral and Histologic Changes.

Assessment Parameter Compared to Spearman’s Correlation Critical Value (+) for
Histologic Grade Coefficient Spearman’s Rho (rs)
Percentage time spent traveling in 30 minutes -0.047 0.35
Forelimb versus hind limb step frequency 0.27 0.39
Left hind limb swing duration (s) 0.11 0.39

4.3.3 DRG Immunohistochemistry

4.3.3.1 Bilateral L1 DRGs

At 20 weeks post-surgery, L1 DRG neurons from the LDP group showed
qualitative changes such as increased fluorescence intensity of TrkA staining compared
to the Sham and Naive groups (Figure 24). On analysis, these changes showed
significantly increased TrkA staining intensity of the contralateral L1 DRG neurons
compared to the Sham group (p=0.0019; Figure 25B). Within groups comparisons
showed a significant increase in TrkA CTCEF for the ipsilateral Sham (p<0.001) and LDP
neurons (p=0.0093) compared to corresponding contralateral neurons. No differences
were detected in TrkA staining intensity between the ipsilateral Sham and LDP neurons
(Figure 25A) or between ipsilateral and contralateral neurons for the Naive group (Table

15). Effect sizes of these comparisons are shown in Table 15.
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Figure 24: Bilateral L1 DRG sections immunostained for TrkA. Satellite cell nuclei and neuron somas stained with
propidium iodide (PI; red); primary antibodies conjugated to an Alexa Fluor 488 secondary antibody (green).
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Figure 25: Corrected total cell fluorescence z-scores of TrkA staining for
ipsilateral (A) and contralateral (B) L1 DRG neurons.

Table 15: TrkA CTCF Z-Statistic and Effect Size. Naive, Sham, and LDP entries
indicate comparison of ipsilateral and contralateral neuronal responses in the
corresponding group.

Comparison Z-Statistic p value Effect Size  Power (%)
Sham vs LDP Ipsilateral 1.4 0.16 0.18 78
Sham vs LDP Contralateral 3.1 0.0019 0.20 86
Naive 1.0 0.32 -0.066 15
Sham 3.6 <0.001 0.18 70
LDP 2.6 0.0093 0.17 82

Ipsilateral L1 DRG neurons from the LDP group also showed qualitative
increased fluorescence intensity of p75NTR staining compared to the Sham and Naive
groups (Figure 26), and analysis revealed significantly increased p75NTR staining
intensity (CTCF) of the ipsilateral neurons compared to the Sham group (p<0.0001) and
no difference between groups for the contralateral neurons (p=0.56; Figure 27). Within

groups comparisons showed a significant increase in p7SNTR CTCEF for the contralateral
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Sham neurons compared to corresponding ipsilateral neurons (p<0.0001), and no
difference between ipsilateral and contralateral LDP DRG neurons (p=0.90; Table 16).

Effect sizes of these comparisons are shown in Table 16.
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Figure 26: Bilateral L1 DRG sections immunostained for p75NTR. Satellite cell nuclei and neuron somas stained with
propidium iodide (PL; red); primary antibodies conjugated to an Alexa Fluor 488 secondary antibody (green).



A 15 B 15 O Naive
8 Sham

" 1.0 n 1.0
g g W LDP
8 05 @ 99
X B - o
w 0.0 w 0.0
3] | | 1 — 3) | |
= -
O -05 O -0.5

1.0 -1.0

Naive Sham LDP Naive ' Sham LDP
Ipsilateral Contralateral

Figure 27: Corrected total cell fluorescence z-scores of p75NTR staining for
ipsilateral (A) and contralateral (B) L1 DRG neurons.

Table 16: p75NTR CTCF Z-Statistic and Effect Size. Naive, Sham, and LDP
entries indicate comparison of ipsilateral and contralateral neuronal responses in the
corresponding group.

Comparison Z-Statistic p value Effect Size  Power (%)
Sham vs LDP Ipsilateral 4.8 <0.0001 0.55 98
Sham vs LDP Contralateral 0.54 0.56 0.052 9.4
Naive 1.0 0.32 0.031 6.8
Sham 4.2 <0.0001 0.062 7.7
LDP 0.12 0.13 0.90 26
4.3.3.2 Bilateral L2 DRGs

4.3.3.2.1 DRG Neuron Counts

Ipsilateral Sham and LDP DRGs appeared to contain a similar number of
neurons (Figure 28A). The contralateral LDP DRG appeared to show an increased
number of neurons compared to the Sham DRG (Figure 28B). The percentage of TRPV1+

cells in bilateral LDP DRGs was increased compared to those of the Sham group
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(p<0.0001; Figure 28C, D) as described in Table 17. This parameter was also increased in
contralateral L2 DRG neurons for the Sham (p<0.0001) and LDP (p<0.0001) groups

compared to ipsilateral neurons (Table 17).
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Figure 28: DRG neuron counts. Total number of PGP9.5+ cells for the ipsilateral (A) and contralateral (B) L2 DRG
neurons, and the percentage of TRPV1+ cells for the ipsilateral (C) and contralateral (D) L2 DRG neurons.



Table 17: Number of TRPV1+ cells. Naive, Sham, and LDP entries indicate
comparison of ipsilateral and contralateral neuronal responses in the corresponding

group.

Parameter Comparison p value
Sham vs LDP Ipsilateral <0.0001
Sham vs LDP Contralateral ~ <0.0001

TRPV1+ Cell Number Naive 0.077
Sham <0.0001
LDP <0.0001

The LDP group also showed qualitative increased fluorescence intensity of
TRPV1 staining of the ipsilateral (Figure 29) and contralateral (Figure 30) L2 DRG
neurons compared to the Sham group. Staining intensity of TRPV1+ cells in the LDP
group was significantly increased for the ipsilateral (p=0.0027; Figure 31A) and
contralateral (p=0.021; Figure 31B) L2 DRG neurons compared to the Sham group (Table
18). This parameter was also significantly increased in the contralateral L2 DRG neurons
of the Sham (p<0.0001) and LDP (p<0.0001) groups compared to the ipsilateral neurons

(Table 18). The effect sizes for these comparisons are presented in Table 18.
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Figure 29: Ipsilateral L2 DRG neurons co-stained for PGP9.5 and TRPV1. Satellite cell nuclei and neuron somas stained
with propidium iodide (PI; red); primary antibodies conjugated to an Alexa Fluor 488 secondary antibody (green).
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Figure 30: Contralateral L2 DRG neurons co-stained for PGP9.5 and TRPV1. Satellite cell nuclei and neuron somas stained
with propidium iodide (PI; red); primary antibodies conjugated to an Alexa Fluor 488 secondary antibody (green).
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Figure 31: Corrected total cell fluorescence z-scores of TRPV1 staining for
ipsilateral (A) and contralateral (B) L2 DRG neurons.

Table 18: TRPV1 CTCF Z-Statistic and Effect Size. Naive, Sham, and LDP
entries indicate comparison of ipsilateral and contralateral neuronal responses in the
corresponding group.

Comparison Z-Statistic p value Effect Size  Power (%)
Sham vs LDP Ipsilateral 3.0 0.0027 0.19 52
Sham vs LDP Contralateral 2.3 0.021 0.18 80
Naive 15 0.13 0.088 22
Sham 6.5 <0.0001 0.49 100
LDP 7.2 <0.0001 0.47 100

Ipsilateral LDP neurons showed an increased maximum diameter compared to
the Sham group (p=0.00010; Figure 32A). No difference was detected between the Sham
and LDP groups for maximum diameter of contralateral L2 DRG neurons (p=0.74;
Figure 32B). Differences in neuronal size distribution revealed that the proportions of
ipsilateral medium and large neurons in the LDP group relative to the Sham group were

significantly increased (p=0.0046 and p=0.0094, respectively) compared to that of small
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L2 DRG neurons. Similarly, the proportions of contralateral small and medium-sized
neurons in the LDP group were significantly decreased (p=0.013) and trended toward a
significant decrease (p=0.017), respectively, compared to large L2 DRG neurons.
Neuronal maximum diameter was also significantly increased in the contralateral L2
DRG neurons of the Sham group (p=0.012) compared to the ipsilateral neurons (Table
19). Comparison of neuronal size distributions for ipsilateral and contralateral Sham
DRGs showed a trend toward a significantly increased proportion of medium-sized
neurons compared to small neurons in the contralateral L2 DRG (p=0.023). This analysis
for LDP DRGs showed a trend toward a significantly increased proportion of large
neurons compared to medium neurons in the contralateral L2 DRG (p=0.079; Table 19).

The effect sizes for these comparisons are shown in Table 20.
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Figure 32: Maximum diameter of PGP9.5+ cells of the ipsilateral (A) and
contralateral (B) L2 DRGs.
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Table 19: Maximum Diameter for PGP9.5+ Cells. Naive, Sham, and LDP
entries indicate comparison of ipsilateral and contralateral neuronal responses in the
corresponding group.

Group Comparison p value

Sham vs LDP Ipsilateral 0.00010
Sham vs LDP Contralateral 0.74

PGP9.5+ Cells Naive 0.0039

Sham 0.012

LDP 0.36
‘ Small vs Medium 0.0046
PGP9.5+ _CeIIs By Size Small vs Large 0.0094

(Ipsilateral) '
Medium vs Large 0.74
Small vs Medium 0.85
PGP9.5+ Cells By Size

(Contralateral) Small vs Large 0.013
Medium vs Large 0.017

Small vs Medium 0.023

PGP9.5+ Cells By Size (Sham) Small vs Large 0.11

Medium vs Large 0.85

Small vs Medium 0.63

PGP9.5+ Cells By Size (LDP) Small vs Large 0.20
Medium vs Large 0.079

Table 20: Effect Size of Maximum Diameter for PGP9.5+ Cells. Naive, Sham,
and LDP entries indicate comparison of ipsilateral and contralateral neuronal
responses in the corresponding group.

Comparison Effect Size Power (%)
Sham vs LDP Ipsilateral 0.18 97
Sham vs LDP Contralateral 0.014 6.3
Naive 0.13 83
Sham 0.11 67
LDP 0.037 14

No differences in maximum neuron diameter were detected for ipsilateral

(Figure 33A) or contralateral (Figure 33B) TRPV1-positive neurons between the Sham
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and LDP groups. However, neuronal maximum diameter was significantly decreased in
the contralateral L2 DRG TRPV1-positive neurons of both the Sham (p=0.0038) and LDP
(p=0.015) groups compared to the corresponding ipsilateral neurons (Table 21).
Ipsilateral LDP neurons showed a trend toward a significantly decreased proportion of
large neurons compared to medium neurons relative to the Sham group (p=0.085; Figure
33C, D). No differences were detected in the neuron size distribution of contralateral
LDP and Sham DRG neurons (Figure 33E, F; Table 21). The neuronal size distribution of
the contralateral Sham and LDP DRGs relative to the corresponding ipsilateral DRGs
showed a significantly decreased proportion of large neurons compared to small (Sham
p=0.0015; LDP p=0.0045) and medium-sized (Sham p=0.0061; LDP p=0.0019) neurons

(Table 21). Effect sizes for these comparisons are shown in Table 22.
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Figure 33: Maximum diameter of the ipsilateral (A) and contralateral (B) TRPV1+ cells. Neuronal size distribution of
ipsilateral and contralateral Sham (C, E) and LDP (D, F) TRPV1+ and TRPV1- cells.



Table 21: Maximum Diameter for TRPV1+ Cells. Naive, Sham, and LDP
entries indicate comparison of ipsilateral and contralateral neuronal responses in the
corresponding group.

Group Comparison p value
Sham vs LDP Ipsilateral 0.11
Sham vs LDP Contralateral 0.41
TRPV1+ Cells Naive 0.080
Sham 0.0038
LDP 0.015
_ Small vs Medium 0.45
TRPV(llgsﬁgss)y Size Small vs Large 0.14
Medium vs Large 0.085
_ Small vs Medium 0.89
TRP(\ét;tCr:;gfe?;)Slze Small vs Large 0.57
Medium vs Large 0.26
Small vs Medium 0.062
TRPV1+ Cells By Size (Sham) Small vs Large 0.0015
Medium vs Large 0.0061
Small vs Medium 0.11
TRPV1+ Cells By Size (LDP) Small vs Large 0.0045
Medium vs Large 0.019

Table 22: Effect Size of Maximum Diameter for TRPV1+ Cells. Naive, Sham,
and LDP entries indicate comparison of ipsilateral and contralateral neuronal

responses in the corresponding group.

Comparison Effect Size Power (%)
Sham vs LDP Ipsilateral 0.15 36
Sham vs LDP Contralateral 0.052 13
Naive 0.13 42
Sham 0.26 81
LDP 0.16 65
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For PGP9.5+ cells, both ipsilateral and contralateral LDP neurons showed a
significant decrease in the percentage of TRPV1+ Area compared to the corresponding
Sham groups (p<0.0001; Figure 34A, B) as shown in Table 23. Ipsilateral DRG neurons
showed a significant decrease in this parameter compared to the contralateral neurons
for both the Sham (p<0.0001) and LDP (p=0.0027) groups. These results extended to
analyses of TRPV1+ cells (Figure 34C, D, E; Table 23), as well as TRPV1- cells with one
exception: contralateral TRPV1- cells showed a significant decrease compared to
ipsilateral neurons in the LDP group (p=0.0003; Figure 34E). Effect sizes for these
comparisons are also shown in Table 23, and show medium and large effect sizes at the

chronic timepoint.
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Table 23: Percentage of TRPV1+ Area with Effect Sizes. Naive, Sham, and LDP
entries indicate comparison of ipsilateral and contralateral neuronal responses in the
corresponding group.

Group Comparison p value Effect Size Power
Sham vs LDP Ipsilateral <0.0001 0.62 100
Sham vs LDP Contralateral ~ <0.0001 0.75 100
PGP9.5+ Cells Naive 0.12 0.070 34
Sham <0.0001 0.34 100
LDP 0.0027 0.13 85
Sham vs LDP Ipsilateral <0.0001 0.85 100
Sham vs LDP Contralateral ~ <0.0001 0.97 100
TRPV1+ Cells Naive 0.053 0.14 47
Sham <0.0001 0.47 100
LDP 0.0003 0.26 97
Sham vs LDP Ipsilateral <0.0001 0.74 100
Sham vs LDP Contralateral  <0.0001 1.0 100
TRPV1- Cells Naive 0.61 0.029 8.1
Sham 0.0001 0.21 97
LDP 0.034 0.12 54
Naive Ipsilateral <0.0001 0.78 100
Naive Contralateral <0.0001 0.70 100
Sham Ipsilateral <0.0001 0.68 100
TRPV1+ vs TRPV1- Cells
Sham Contralateral <0.0001 0.85 100
LDP Ipsilateral <0.0001 0.75 100
LDP Contralateral <0.0001 1.0 100

4.4 Discussion

Histologic changes. This study was performed to confirm IVD degeneration and

assess changes to innervating DRGs 20 weeks after a surgical lumbar disc puncture
injury. Degenerative changes were seen in all groups via histology, but more severe
degeneration was found in the LDP group. This is supported by the large effect size for
grade of IVD degeneration at this timepoint, and is consistent with expected outcomes
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of our surgical intervention. However, correlation analyses revealed no relationship
between grade of IVD degeneration and open field or treadmill gait parameters at the
chronic timepoint. Because animals in every treatment group developed degenerative
changes and not every rat in the LDP group developed severe IVD degeneration (section
3.3.1), this suggests a more complex relationship between onset of symptoms and
degenerative IVD changes that would be predicted by correlation.

Changes to ipsilateral DRG neurons. Early in the calcium imaging experiments, it

became apparent that these ipsilateral LDP DRG neurons were different. The final step
of the cell isolation process was to spin down the isolated cells to obtain a cell pellet, and
then resuspend the cells in the correct volume of media for plating. The qualitative
volume of every ipsilateral LDP cell pellet was greatly reduced compared to the
contralateral LDP cell pellet, with a resulting decrease in neuronal cell number on
calcium imaging. This was possibly due to cell death at any of three distinct points in the
study:
1. Neuronal degeneration in vivo.
2. Neuronal changes in vivo such that they were unable to survive the enzymatic
digestion of the DRG for cell isolation.
3. Neuronal changes in vivo such that they became increasingly unhealthy during
the cell isolation, and were ultimately unable to survive on the coverslip in a co-

culture with satellite cells.
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The third hypothesis was deemed the least likely due to observing the decreased cell
pellet volume before plating. The first and second hypotheses were tested by
systematically sectioning and staining L2 DRGs to count neuronal cell bodies as
described in section 3.2.4.3.2 and by counting cells after resuspending the cells,
respectively. However, the number of resuspended ipsilateral cells from the LDP
animals was only 10% of what was needed to accurately calculate the total cell number
using a hemocytometer. Results of DRG neuron cell counts via IHC did not reveal in
vivo degeneration. Instead, the LDP group showed a similar or increased number of
neurons in the ipsilateral and contralateral DRG, respectively, compared to the
corresponding Sham DRG. These results suggest that ipsilateral DRG neurons had
undergone phenotypic changes in vivo and were unable to survive enzymatic digestion
of the DRG for cell isolation at this timepoint. However, this analysis was limited by
counting neurons in only one ipsilateral and contralateral DRG per treatment group.
The composition of NGF receptors on LDP DRG neurons provides one possible
explanation for apoptosis of these cells during enzymatic digestion. TrkA and p75NTR
were increased in the contralateral and ipsilateral LDP neurons, respectively, compared
to those of the Sham group. NGF binding to TrkA promotes cell survival and collateral
nerve sprouting, while binding to p75NTR leads to expression of additional pro-
inflammatory cytokines or apoptosis (section 1.3.2.1). Therefore, the increased presence

of p75NTR on ipsilateral DRG neurons of the LDP group suggests cellular changes that
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contribute to inflammation in vivo and an inability to survive enzymatic digestion for
cell isolation. This analysis was limited by fluorescence intensity data from only one
ipsilateral and contralateral DRG section per animal.

Numbers of TRPV1-postive neurons. This study also revealed increased numbers

of TRPV1-positive neurons in bilateral DRGs 20 weeks after lumbar disc puncture, with
more TRPV1-positive neurons present in the contralateral DRG of both the Sham and
LDP groups compared to the corresponding ipsilateral DRG. These results suggest that
the number of TRPV1-postive neurons present in a DRG is dependent on treatment
group as well as the site of injury.

Neuron size distributions. Findings of neuron proliferation or neurogenesis in

the peripheral nervous system have been controversial due to variability of methods for
sectioning tissue and counting neurons. However, recent evidence of neurogenesis in
adult rat DRGs has been shown after capsaicin treatment [195] and after peripheral
nerve damage and regeneration [196]. Prior studies have also shown hypertrophy of
NGF-dependent neurons in sensory ganglion in distal organ pathologies with increased
levels of NGF such as urethral [197] and intestinal [198] obstruction. The current study
revealed an increased proportion of medium-sized and large neurons compared to small
neurons in the ipsilateral LDP DRG relative to the Sham group without a change in the
total number of neurons present. However, the proportions of large TRPV1-positive

neurons in this DRG were decreased compared to that of medium neurons and the
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neuronal size distribution in the ipsilateral Sham DRG, suggesting hypertrophy of
TRPV1-negative neurons. The contralateral LDP DRG showed an increased number of
neurons compared to the Sham group and trended toward an increased proportion of
large neurons compared to both the contralateral Sham and ipsilateral LDP neurons.
However, the contralateral DRG for both Sham and LDP groups showed decreased
proportions of TRPV1-positive large neurons compared to small and medium-sized
neurons relative to that of the corresponding ipsilateral DRG. These results suggest
hypertrophy of TRPV1-negative neurons, as well as proliferation of small and medium-
sized TRPV1-positive neurons in the contralateral LDP L2 DRG. However, this analysis
was limited to sections from one ipsilateral and contralateral DRG per treatment group.

Changes to TRPV1 receptors of DRG neurons. Increased TRPV1 corrected total

cell fluorescence revealed that not only are the numbers of TRPV1-positive neurons
increased in bilateral LDP DRGs, but that these neurons express an increased number of
TRPV1 receptors compared to the Sham group. The contralateral DRGs showed
increased TRPV1 CTCF compared to the ipsilateral DRGs within groups, again
suggesting that TRPV1 expression is dependent on treatment group and the site of
injury. Increased neuronal TRPV1 expression has been associated with clinical chronic
pain pathologies such as rectal hypersensitivity [199], inflamed bowel [200], and

vulvodynia [201].
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These findings seem to contradict the calcium imaging results at this chronic
timepoint. An increased number of TRPV1-positive neurons, each with more TRPV1
receptors, should result in more neurons responding to application of capsaicin (CAP1).
However, the LDP neuronal response to the high capsaicin dose (200 nM), a dose where
every neuron presenting TRPV1 receptors should respond, was decreased bilaterally
compared to the Sham group. This suggests that the functionality of TRPV1 receptors
present on bilateral LDP neurons was impaired. In addition, ipsilateral LDP neurons
were unable to potentiate the function of TRPV1 after NGF incubation (CAP2/CAP1).
These results indicate a problem with two pathways after NGF binds to TrkA (section
4.1) in the ipsilateral DRG neurons after lumbar disc puncture:

1. The signaling cascade and phosphorylation of existing TRPV1.

2. Rapid insertion of new TRPV1 receptors into the neuronal cell membrane.
However, contralateral neurons also showed a decreased CAP1 response, but remained
able to potentiate the function of TRPV1 after NGF incubation. These results indicate
alterations in the biochemical signaling cascades regulating TRPV1 function.

Altered function of existing TRPV1 receptors indicates possible changes to the
PKC pathway, including phosphorylation of the TrkA residue Y794, PLCy, PKCe, or
TRPV1 residues S800, S502, or T704 [160, 202]. Rapid insertion of new TRPV1 receptors
into the neuronal cell membrane to potentiate TRPV1 function via TrkA may be

explained by a non-transcriptional mechanism involving phosphorylation of a single
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residue, as this could occur in sensory terminals independent of the nucleus [79, 165].
One possible mechanism involves autophosphorylation of the Y760 residue on TrkA to
activate phosphoinositide 3-kinase (PI3 kinase), and the downstream element Src
phosphorylates TRPV1 at residue Y200 to promote TRPV1 insertion into the cell
membrane [165]. Therefore, alterations of the PKC and IP3 kinase pathways may play a
role in impaired TRPV1 receptor function as well as insertion into the cell membrane
and resulting desensitization, respectively. However, the data sets used to draw these
conclusions were subject to their own limitations, as discussed in this section and
previously (section 3.4).

Percent area of TRPV1-positive staining. The percentage of TRPV1-positive area

corresponds to the neuronal membrane and cytoplasmic staining of TRPV1, which
excludes the unstained nuclear region. Therefore, the percentage of TRPV1-positive area
decreases as the area of the unstained nuclear region increases. In analyses of all neurons
and of TRPV1-positive neurons only, the percentage of TRPV1-positive area was
decreased in bilateral DRGs 20 weeks after lumbar disc puncture compared to the Sham
group. However, the greatest change was the decreased percentage of TRPV1-positive
area in TRPV1-negative neurons of bilateral LDP DRGs compared to that of the Sham
DRGs. These changes suggest nuclear hypertrophy in TRPV1-positive and TRPV1-
negative neurons in bilateral DRGs 20 weeks after lumbar disc puncture, with the

greatest changes seen in the TRPV1-negative neurons. Taken together with the neuronal
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size distribution results, this suggests that both nuclear and cytoplasmic hypertrophy
occur in TRPV1-negative neurons in bilateral innervating DRGs. Similar plastic changes
have been reported as corresponding to axonal regeneration in models of peripheral
nerve injury at a distal location, such as amputation of a lizard tail [186, 203], where
these changes are thought to be a response to increased metabolic and transcriptional
activity due to outward growth. However, the data sets used to draw these conclusions

were limited to sections from one ipsilateral and contralateral DRG per treatment group.

4.5 Conclusion

This study confirmed IVD degeneration in this model and identified molecular
changes of sensory neurons in a rat 20 weeks after lumbar disc puncture through
immunostaining of L1 and L2 DRG tissue sections. Degenerative pathology in this
model provided one explanation of the pain-related behavioral changes described in
Chapter 2. However, the lack of correlation between grade of IVD degeneration and
these parameters suggested a more complex relationship between onset of symptoms
and degenerative IVD changes that would be predicted by correlation.

Based on results from Chapter 3, neurons in the contralateral DRG were expected
to have undergone minimal changes at the 20 week timepoint. However, the
contralateral DRG neurons showed changes suggesting proliferation of small and
medium-sized TRPV1-positive neurons, as well as changes indicating impaired

functionality of TRPV1 receptors and increased transcriptional activity of both TRPV1-

120



positive and TRPV1-negative neurons. Immunostaining results also revealed that
ipsilateral neurons were not able to survive the enzymatic digestion for cell isolation
during the calcium imaging study with a possible role for p75NTR, as well as increased
transcriptional activity of both TRPV1-positive and TRPV1-negative neurons. Results
also showed changes suggesting impaired functionality of TRPV1 receptors as well as
impaired TRPV1 receptor insertion into the cell membrane, which could explain the
neuronal desensitization observed in Chapter 3.

Therefore, puncture of this single IVD provides a model of painful IVD
degeneration which can be used to further elucidate mechanisms of discogenic pain and

related changes associated with this degenerative pathology.
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5. Conclusion and Future Directions

5.1 Conclusion

In summary, painful IVD degeneration due to a disc injury is likely the result of a
chronic inflammatory process leading to in increased expression of NGF and associated
changes to innervating DRG neurons. Prior studies have confirmed the presence of
nerve fibers expressing TrkA, the high affinity NGF receptor, innervating painful human
IVDs [84], suggesting a role for NGF in the development of discogenic pain. However,
there is a limited understanding of this mechanism of pain generation in the IVD.
Motivated by a lack of targeted and effective therapeutic treatments to help patients
better manage their low back pain, the overarching goal of this dissertation was to
characterize NGF-related molecular and functional neuronal changes in a model of
painful IVD degeneration. Results of the studies performed in this dissertation produced
several key findings:

1. Timeline of pain-related behavioral changes. Rats do not fully recover from

the soft tissue trauma and acute pain induced by lumbar disc puncture
surgery until 4-6 weeks post-surgery, and develop evidence of LDP-related
behavioral and gait changes at 16-18 weeks post-surgery.

2. Clinically relevant behavioral changes. This model produced a phenotype of

pain-related bilateral behavioral changes characterized by decreased overall
activity as well as decreased hind limb stride frequency.
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3. Behavioral changes are not correlated to grade of IVD degeneration.

Degenerative changes were seen in all groups via histology, but more severe
degeneration was found in the LDP group. However, correlation analyses
revealed no relationship between grade of IVD degeneration and open field

or treadmill gait parameters at the chronic timepoint.

4. DRG neurons are functionally different 20 weeks after lumbar disc puncture.
¢ Contralateral DRG neurons showed proliferation of small TRPV1-positive
neurons, as well as impaired functionality of TRPV1 receptors and
increased transcriptional activity of both TRPV1-positive and TRPV1-
negative neurons.

e Many ipsilateral DRG neurons were unable to survive enzymatic
digestion of the DRG for cell isolation at this timepoint. TrkA and
p75NTR was increased in contralateral and ipsilateral DRGs, respectively.
Results also showed increased transcriptional activity of both TRPV1-
positive and TRPV1-negative neurons. Impaired functionality of TRPV1
receptors and impaired TRPV1 receptor insertion into the cell membrane
could explain the desensitization response to capsaicin exhibited by

surviving neurons via calcium imaging studies.
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5.2 Future Directions

This model of painful IVD degeneration after puncture of a single IVD could be

used to further elucidate pain-related mechanisms and understand the role of key

mediators in the development and maintenance of discogenic pain. The findings

presented in this dissertation suggest a number of areas for future study:

1.

While pain-related behavioral changes were described for each timepoint in
this study out to 20 weeks post-surgery, molecular and functional neuron
data is only provided for the chronic 20 week timepoint. Repeating this study
for both an acute and intermediate timepoint would reveal a timeline of the
described changes and increase our understanding of the role of potential
therapeutic targets in this pathology. Not only are these timepoints important
for understanding changes which contribute to the development of chronic
pain, but identifying the earliest changes could lead to beneficial therapies for
patients who present with acute onset low back pain without IVD herniation
or vertebral fracture.

While pain-related behavioral changes were detected in Chapter 2 and NGF-
related changes were detected and in Chapters 3 and 4, this dissertation did
not describe studies to definitively prove that the described behavioral
changes were due to only pain. Therefore, future studies should include

additional groups receiving treatment to restore the pain-related behaviors to
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the pre-surgical baseline. These groups could include 1) pain medication
starting pre-surgery and continuing throughout the duration of the study, 2)
pain medication starting immediately post-surgery and continuing
throughout the duration of the study, and 3) pain medication starting at 20
weeks post-surgery corresponding to the development of behavioral changes
and continuing through out the duration of the study.

This study also did not definitively prove that upregulated NGF with nerve
fiber infiltration is the dominant mechanism of pain in this model. Therefore,
future studies should include additional groups receiving NGF-inhibitor
treatment to investigate the development of pain-related behavioral changes.
However, systemic NGF treatment has failed clinical trials for treatment of
osteoarthritis pain [204]. An alternative method for anti-NGF treatment
would be local delivery via the lumbar disc puncture surgery. This would
allow for delivery of NGF-inhibitor concurrent with the surgery to induce
IVD degeneration.

This study did not elucidate the specific roles of TrkA or p75NTR in this
model, or directly link their increased expression in DRG neurons to pain-
related behaviors. This could be accomplished by repeating the described
behavioral assessments with a p7S5NTR knockout rat (Horizon Discovery

Group, St. Louis, MO) with the addition of pain medication-treated groups.
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Similar immunohistochemical and calcium imaging analyses would also
determine the role of p7/5NTR in neuronal apoptosis in vivo or during
enzymatic digestion for cell isolation.

Results in Chapter 4 indicated impaired functionality of TRPV1 receptors and
increased transcriptional activity of both TRPV1-positive and TRPV1-
negative neurons. A possible explanation for these results is activation of
growth-associated protein 43 (GAP43), marker of neuronal growth which
shows increased gene expression during the regeneration phase after axonal
injury [188]. GAP43 facilitates actin polymerization and therefore regulates
neuronal structure [205]. NGF binding to TrkA can activate GAP43 and allow
phosphatidylinositol 4,5-bisphosphate (PIP2) to promote filopodia extension
and branching [206]. However, TRPV1 activation is inhibited by PIP2 [167],
resulting in a competing mechanism. To determine if GAP43 and axonal
growth is the dominant mechanism at this chronic timepoint,
immunostaining for GAP43 and subsequent analyses could be done in the
same manner as described for that of TRPV1 in Chapter 4. Future studies
could also investigate the percentage of TRPV1 positive neurons out of those

that are GAP43 positive via co-staining for both targets.
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6. Results in Chapters 3 and 4 could be more specific to individual neurons
innervating the injured IVD via a second surgery where a neurotracer and
fluorescent lipophilic membrane stain, 1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate (DilCis(3); Dil), is injected into the
L5-L6 IVD at 20 weeks post-surgery. Animal sacrifice could be delayed one
week for adequate Dil uptake by innervating nerve fibers and retrograde
transport to the cell bodies in the DRGs. Dil can be detected on
immunohistochemical studies as well as calcium imaging, as it has excitation
and emission wavelengths of 549 and 565 nm, respectively, which does not
interfere with that of the Fura-2 AM fluorescence. Therefore, repeated
calcium imaging and immunohistochemical studies with only Dil-positive
neurons would yield more specific results.

In summary, this dissertation showed that surgical puncture of a single lumbar

IVD produces a model of painful IVD degeneration with a discrete timeline of
phenotypic changes which could be used for future studies investigating the
development and maintenance of discogenic pain, or therapeutic interventions. This
dissertation also demonstrated the importance of including DRG neuron changes in
future studies using models of painful musculoskeletal pathology. Both of these

conclusions will be necessary components of future studies to further elucidate pain-
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related mechanisms and understand the role of key mediators in the development and

maintenance of discogenic pain.
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