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ABSTRACT

A recent study discovered elevated levels of lysophosphatidic acid (LPA) in the
synovial fluid of OA patients (Eli Lilly, unpublished). LPA is required for the initiation
of neuropathic pain (Inoue, 2004), and therefore, elevated levels are indicative of a
neuropathic pain state. The present study attempted to determine: if 1) LPA causes
neuronal damage to joint afferents, and 2) if LPA is responsible for a neuropathic pain
component in OA. The experimental OA model monosodium iodoacetate (MIA) was
found to cause demyelination to the saphenous nerve at 14 days post-treatment. Selective
LPA antagonism prevented this damage, implicating LPA in this novel pain state. The
present study concluded that 1) neuropathic pain is a component of OA, and 2) LPA
facilitates the initiation of this neuropathic pain. These new findings will allow better
understanding of disease etiology and may lead to the emergence of an entirely new line
of OA therapeutics.
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CHAPTER 1 INTRODUCTION

Osteoarthritis (OA) is the most prevalent musculoskeletal disorder in the world.
Once considered a disease to primarily affect the elderly, disease onset is now understood
to be initiated by factors independent of age. It has recently been reported that 30% of
adults possess disease symptoms (Zhang, 2010). At an OA consensus conference
(Toronto, ON, 2000), patients reported their primary concern was finding relief from the
debilitating pain that negatively affects their quality of life. OA pain is the number one
reason for physician visits (Hadler, 1992) and a large subpopulation of OA patients
receives no analgesic effects from current pharmacotheraputic treatments (Neame et al.,
2004; Towheed et al., 2006). One explanation for the lack of efficacy of analgesics,
known to attenuate inflammatory states, is the presence of an additional pain state.
Hochman et al. have determined 34% of OA patients experience neuropathic pain
(Hochman et al., 2010). Additionally, a large percentage of OA patients who have
received arthroplasty surgery experience post-surgical resting pain (Wylde et al., 2011).
This further supports the presence of a neuropathic component to OA pain. The presence
of this additional pain state may explain the lack of efficacy of analgesics, as opioid
receptors have been demonstrated to be downregulated following peripheral nerve injury
(Zhang et al., 1998).

Together, these findings create the pressing need for the development of Disease
Modifying Osteoarthritic Drugs (DMOADs). To date, a lack of understanding of disease
etiology has resulted in a deficiency of disease-specific therapeutics. With the incidence
of OA increasing and the average age of disease onset lowering, there is a pressing need

for a complete understanding of disease etiology and the development of DMOAD:s.



1.1 PAIN
1.1.1 Overview of Pain

Although pain is often thought of in a negative context, the sensation of pain is an
adaptive trait that facilitates survival. Acute pain (nociceptive pain) warns individuals of
dangers in their surroundings by causing an aversive sensation that dissipates when the
harmful stimuli are removed; thus, preventing any further damage. Nociceptive pain is
facilitated through activation of nociceptors (high-threshold free nerve endings located in
the periphery) by noxious chemical, thermal, and mechanical stimuli.

Chronic pain, conversely, is maladaptive and impedes the quality of life. Chronic pain is
defined as any pain that lasts longer than 3 months ("Classification of chronic pain.
Descriptions of chronic pain syndromes and definitions of pain terms. Prepared by the
International Association for the Study of Pain, Subcommittee on Taxonomy," 1986);
much longer than required for tissue to fully regenerate following an injury.

Our current understanding of pain mechanisms is largely due to the Gate Theory
proposed by Melzack and Wall (Melzack et al., 1965). Although this theory has been
revised, it was the advent of the modern pain era, transitioning pain research away from
the previous Descarte notions. Rene Descarte hypothesized that peripheral nerves
directly connect sensations in the periphery to the brain, allowing for instantaneous
registration of pain. “Just as by pulling at one end of a rope one makes to strike at the
same instant a bell which hangs at the other end.” (Descartes, 1644).

Sherrington (1911) amended the Decarte theory and proposed there were specific
subclasses of afferent neurons that he termed nociceptors. This revolutionary thinking
led the way for Melzack and Wall’s Gate Theory. In brief, Gate Theory postulates that
there are several sites of propagation within the nociceptive system. Modulation of
stimuli occurs at each site to facilitate its onward propagation or impedes it from
registering as a painful sensation. The main sites of modulation along the pain pathway

include: the periphery, spinal cord dorsal horn, and the brain.



1.1.2 Afferent Neurons

There are two types of primary afferent sensory nerves; the first mediate
innocuous sensations that are generated by low-threshold (innocuous) stimuli; the second
mediate painful sensations that are generated by high-threshold (noxious) stimuli.

Of all primary afferent neurons, proprioceptors are encapsulated by the thickest
myelin sheath, allowing for rapid conduction of action potentials. Within the
proprioceptive class of afferents are the Aa fibres which innervate muscles, tendons, and
joints, relaying interoceptive information, and AP fibres, which relay sensory information
regarding spatial position and tension of the organs or extremities they innervate. AP
fibres are unique from other primary afferents in that they are encapsulated by structures
such as Pacinian corpuscles, Meissner’s corpuscles, Merkel’s disks, and Ruffini’s
corpuscles at somatic sensory terminals. These structures allow for the specialized
detection and transduction of unique low threshold stimuli.

The second class of primary afferent neurons is termed nociceptors and is
comprised of the thinly myelinated Ad fibers and the unmyelinated C fibers. Nociceptors
have four major functional components: firstly the peripheral terminal which registers
noxious stimuli and transduces signals into depolarizing currents and ultimately action
potentials (Hunt et al., 2001); secondly, the axon that conducts action potentials toward
the central nervous system (CNS); thirdly, the cell body that controls the identity of the
neurons through expression of various transcription factors; and lastly, the central
terminal, which forms a synapse with second order neurons in the CNS. These action
potentials, which travel to the spinal cord and onto higher centres of the brain, are
capable of eliciting withdrawal reflexes, the conscious perception of pain, and emotional
effects (Woolf et al., 2000).

Although both A6 and C fibres are involved in the nociceptive system, signaling
methods differ between fibres. In primary afferent signaling, form equals function, as the
thinly myelinated A fibres are capable of transducing noxious stimuli at a higher
velocity, and therefore, are responsible for first pain (sharp and intense). Ad fibres are
capable of responding to mechanical and thermal stimuli. Conversely, unmyelinated C

fibres, that comprise the majority of nociceptive fibres transmit signals at a much slower



velocity and are responsible for second pain (dull and aching) (Julius et al., 2001). C

fibres are capable of responding to mechanical, thermal, and chemical stimuli.

1.1.3 Ascending Pain Pathway

Primary afferent neurons register stimuli in the periphery and transmit the
nociceptive signal through the ascending pain pathway. The peripheral terminals (free
nerve endings) of the primary afferent neurons typically reside in the skin, muscle, bone,
joints, and viscera (Julius & Basbaum, 2001). Pain signaling travels through the axon to
the nucleus (dorsal root ganglion) and onto the central terminal, which resides in the
dorsal horn of the spinal cord. Rexed (1958) divided the gray matter of the cat spinal
cord into parallel laminae for identification of afferent insertion; this scheme is widely
used for most species today (Todd, 2002). Primary afferents differ in regard to laminae
in which they terminate. Nociceptors, Ad and C fibres, typically bifurcate superficially
and synapse with the substantia gelatinosa or the Rexeds’ laminae [ and II. Lower
threshold A fibres travel and synapse at a deeper level of the dorsal horn, while
proprioceptors (AP) typically innervate deeper laminae (III-VI) (Figure 1.1).
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Figure 1.1 Overview of the ascending nociceptive system. Peripheral stimuli is
transduced into action potentials by the free nerve ending of afferent fibres. These action
potentials travel along the axon (through the dorsal root ganglion) toward the central
terminal. The central terminals of the three classes of afferent fibres terminate in
different laminae of the dorsal horn. The nociceptors tend to terminate in the superficial
laminae (laminae I, IT) while the proprioceptors terminate in the deeper laminae (laminea
III- VI). Central terminals synapse with second order neurons that transmit signals to
higher orders of the brain. Nociceptive stimuli travel through the spinothalamic tract to
the thalamus and onto the cortex, where they register pain. Nociceptive specific (NS)
cells, wide dynamic range (WDR) neurons, parabrachial area (PB), periaqueductal grey
(PAG), and rostral ventromedial medulla (RVM) (Image adapted from D’Mello, 2008).



Sensory neurons are capable of synapsing with three cell types located within the
spinal cord: 1) excitatory interneurons that synapse on second order projection neurons;
2) second order projection neurons that project to the brain through either the
spinothalamic, spinoreticular, or spinomesencephalic tract; 3) inhibitory interneurons

which modulate nociceptive input.

1.1.3.1 Wind-up
Wind up is a phenomenon arising from synaptic plasticity in which consistent

noxious stimuli evoke an increased perception of pain. Within the dorsal horn of the
spinal cord, there are three main types of neurons that synapse with first order neurons.
The first class of neurons synapse with nociceptors and fire action potentials in response
to painful stimuli registered in the periphery. The second respond to proprioceptive
information sent from the periphery, involving innocuous sensations, and synapse with
AP fibres. Wide dynamic range neurons, a third type of neuron in the dorsal horn,
synapse with both nociceptors and proprioceptors. Wide dynamic range neurons
differentiate incoming sensory input from the various classes of afferent neurons through
incoming stimulus intensity. Proprioceptors generate moderate frequencies of action
potentials, whereas nociceptors induce intense frequencies of action potentials. Wind up
occurs when a constant barrage of noxious stimuli elicits an increased transmission of
wide dynamic range neurons toward the higher centers of the brain (Dickenson et al.,
1987). During wind-up, repeated stimulation of wide dynamic range neurons elicits an

increase of evoked response and post-discharge with each stimulus.

1.1.3.2 Central Sensitization
Central sensitization shares identical molecular mechanisms with wind-up;

however, where as wind-up is brought on through constant low stimuli activity of C
fibres, plasticity leading to central sensitization is initiated through high intensity C fiber
signaling. Peripheral nerve damage (neuropathy) and inflammatory pain states also elicit

plasticity in the CNS. This plasticity may lead to a heightened response to painful stimuli



(hyperalgesia) or a painful response to an innocuous stimulus (allodynia) (Bridges et al.,

2001).

1.1.3.3 Pain Signaling in the Dorsal Horn
The spinal cord is the initial site of convergence and modulation of nociceptive

signaling (Melzack & Wall, 1965). Due to modulation, the response from output cells
does not necessarily match the stimuli received from the periphery. Various factors
within the dorsal horn may affect the response of output cells; interneurons, descending
controls, and various neurotransmitters are capable of modulating signals.

The major excitatory amino acid in the CNS is glutamate. It is present throughout
the entire nervous system and acts in the nociceptive signaling pathway. Glutamate is
released from pre-synaptic spinal neurons as a result of noxious stimuli. It then binds to
one (or several) receptors located in the post-synaptic terminal, including a-amino-3-
hydroxy 5-methyl-4-isoxazeloproprionic acid (AMPA) receptors, N-methyl-D-aspartate
(NMDA) receptors, and metabotropic glutamate receptors (mGluR) (Dingledine et al.,
1999). It has also been discovered that glutamate has the ability to bind to kainate
receptors located on the pre-synaptic terminal (Lucifora et al., 2006). The binding and
subsequent activation of one (or several) subclasses of receptors causes membrane
depolarization. This membrane depolarization is mediated through a large influx of Ca®’;
once inside the cell, the Ca’" activates various effectors and initiates downstream
changes.

Another primary excitatory signaling peptide in the nociceptive system is
substance P, which is released pre-synaptically and binds to the neurokinin-1 (NK1)
receptor on post-synaptic spinal neurons. Substance P is released from presynaptic
afferent terminals in response to noxious stimuli and encodes moderate to intense stimuli
(Yaksh et al., 1980). The expression of substance P also increases in response to

peripheral inflammation (Donaldson et al., 1992).

1.1.4 Ion channels in the Nociceptive Pathway

1.1.4.1 Voltage-gated Sodium Channels
Voltage-gated ion channels are responsible for the generation and propagation of

action potentials along the nociceptive pathway. Therefore, expression of the membrane



proteins determines the excitability of a neuron. Voltage-gated sodium channels (Na,)
are responsible for the rapid upstroke of the action potential, while voltage-gated
potassium channels (K,) mediate the repolarizing phase of the action potential. Voltage-
gated calcium channels (Cay) do little to directly mediate the action potential, however
indirectly influence membrane excitability through secondary processes within cells
(Bridges et al., 2001).

Voltage-gated sodium channels possess an a-subunit, responsible for the influx of
sodium into the cell, and at least one -subunit, which modulates gating and channel
kinetics (Read et al., 2008). Joint innervating afferent neurons express high amounts of
Na,. Hyperalgesia can result from aberrant activity, expression, and influence of Na,
channel auxiliary subunits.

Peripheral nerve damage has been shown to alter the expression of voltage-gated
ion channels. Alteration of Na, expression, following peripheral nerve damage, causes a
state of hyperexcitability leading to the generation of aberrant action potentials. These
abnormal action potentials travel toward the CNS, resulting in the perception of pain

(Matzner et al., 1994).

1.1.4.2 Calcium Channels
Voltage-gated calcium channels (Cay) expressed on the presynaptic terminal

regulate neurotransmitter release, neuronal plasticity, and gene expression (Cao, 2006).
Activity of voltage-gated calcium channels on the presynaptic terminals within the dorsal
horn has been demonstrated to play a vital role in the pain pathway. Deletion of the N-
type calcium channel gene reduces inflammatory and neuropathic pain behavior (Saegusa
et al., 2001). Expressed in the superficial laminar of the spinal cord and DRG neurons,
calcium T channels have also been implicated in nociceptive signaling, modulating spinal
excitability and sensitization caused by repetitive C fibre firing (Ikeda et al., 2003).
Additionally, peripheral nerve injury elicits an upregulation the Ca,2.2 and a6 subunits

in the DRG, implicating a significant role in neuropathic pain (McGivern, 2006).

1.1.4.3 Transient Receptor Potential Channels
Temperature sensitive transient receptor potential ion channels facilitate the

transmission of information regarding temperature in the periphery to the CNS. The ion



channel responsible for transmitting noxious heat stimuli, activated by temperatures
exceeding 43°C, is the transient receptor potential vanilloid 1 (TRPV1) receptor. TRPV1
is also activated by capsaicin (the spicy component of chili peppers), bradykinin, PGE,,
anandamide, and nerve growth factor. TRPV1 channel activation is essential for the
generation of thermal nociception (Davis et al., 2000) and inflammatory nociception
(Huang et al., 2006). Recently TRPV1 has also been determined to mediate mechanical

sensitivity arising from repeated stimuli (Walder et al., 2012).

1.2 PAIN STATES
1.2.1 Inflammatory Pain

Although nociceptive pain is adaptive, in chronic settings pain is no longer
protective, several examples of these chronic conditions include inflammatory and
neuropathic pain. Inflammatory pain is typically associated with disease and is generated
through an increased response to inflammatory mediators by peripheral terminals in
nociceptors. These inflammatory mediators include bradykinin, prostaglandins,
neuropeptides, and cytokines and act to augment-nociceptive responses through several
mechanisms (Schaible et al., 2002). First, mediators bind to and directly activate
receptors on the nociceptive terminal to generate action potentials and subsequent
propagation along the nociceptive pathway in the absence of peripheral stimuli. Second,
these inflammatory mediators lower the threshold of activation in the afferent nerves
causing mild innocuous stimuli to elicit action potentials that ultimately result in the
sensation of pain (peripheral sensitization). Many sensitizing agents work in parallel,
causing great difficulty in ameliorating their responses through pharmacological
intervention. However, preventing prostaglandin E2 synthesis, through inhibition of
cyclooxygenase-2, is the basic mechanism of action for nonsteroidal anti-inflammatory
drugs (NSAIDs).

Inflammatory agents exert sensitizing effects on nociceptors through intracellular
signaling cascades initiated through their binding to membrane receptors. Multiple
intracellular signaling cascades include protein kinase C, protein kinase A,

phosphoinositide 3-kinase, and mitogen-activated protein kinases (Woolf et al., 2007)



and are capable of initiating plasticity. Peripheral sensitization is ultimately attributable
to downstream effectors of these cascades, including the phosphorylation of transient
receptor potential ion channels and voltage-gated sodium channels, which lowers the

threshold and alters the kinetics of signaling.

1.2.1.1 Phenotypic Switches
The cell bodies in the DRG of afferent nerves maintain contact with the peripheral

terminals through retrograde transmission. Peripheral inflammation produces retrograde
signals that cause an increased transcription of neuropeptides, brain derived neurotrophic
factor, and sodium channels. Furthermore, retrograde signaling mediates the
upregulation of transient receptor potential channels, which augment peripheral

sensitization (Huang et al., 2006).

1.2.2 Neuropathic Pain

Neuropathic pain arises due to damage to the nervous system. It is autonomous of
peripheral tissue damage or inflammation and lasts long after the damage to the nervous
system is repaired. Peripheral neuropathic pain, resulting from damage to the peripheral
nervous system, may be mediated through mechanical trauma, metabolic disease,
neurotoxic chemicals, infection, or tumor invasion (Costigan et al., 2009).

Neuropathic pain is the registration of nociceptive stimuli by the CNS in the
absence of noxious, or any, stimuli in the periphery. The perception of nociceptive
stimuli is generated largely through atypical expression of ion channels in afferent
neurons resulting in the unprovoked generation of action potentials. Similar to how
atypical retrograde transmission in inflammatory conditions may lead to altered
phenotype expression in cells within the DRG, loss of communication with the periphery
through axotomy of the peripheral nerve has also been demonstrated to elicit altered
phenotypes.

In biological conditions, afferent impulses are generated solely at the sensory
endings, in skin and other innervated tissues, in response to appropriate sensory
stimulation. Following peripheral nerve damage, however, ectopic activity can occur at
multiple sites along the nociceptive pathway. This ectopic activity is considered to

mediate the resting pain experienced in neuropathic states. Aberrant activity can initiate
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in the site of axonal injury or in the cell bodies of the dorsal root ganglion (Amir et al.,
2005). This ectopic activity is largely attributable to atypical expression of voltage-gated
sodium channels. Ephatic transmission (cross-excitement) can also occur between the
cell bodies in the DRG and neighbouring nerve fibres, causing quiescent neurons to

initiate ectopic signaling (Wu et al., 2002).

1.2.2.1 Changes in lon Channel Expression
Action potential transmission from peripheral receptors to the higher centres of

the brain occurs through a wave of depolarization and subsequent release of
neurotransmitters. The release of neurotransmitters at afferent nerve synapses is mainly
influenced through Na,, Ca,, and K, expression. Following peripheral nerve axotomy,
there is a downregulation of the K, channel TRESK (Tulleuda et al., 2011), and
upregulation of Na,1.3 (Kim et al., 2001) and calcium channel 2.2 and a2-6, subunits
through retrograde signaling (McGivern, 2006). These phenotypic changes create a
hyperpolarized state and excess release of the neurotransmitters responsible for initiating

hyperalgesia.

1.2.2.2 Peripheral and Central Sensitization
A hallmark symptom of neuropathies is allodynia (painful response to a

nonpainful stimuli) and can be brought on through peripheral and central sensitization
(Bridges et al., 2001). Macrophages and T cells become upregulated in damaged nerves
sensitizing ion channels or altering gene regulation. This post-translational modulation
alters the activation threshold and kinetics leading to heightened peripheral sensitization
(Woolf & Salter, 2000).

Plasticity occurring within the CNS is also common in neuropathies. The
molecular mechanisms of action include the release of glutamate and substance P from
the pre-synaptic nociceptive afferent nerve terminal in the spinal dorsal horn, which then
bind to NMDA -receptors and NK1 receptors. The binding of these neuropeptides to the
post-synaptic terminal causes the influx of Ca®*, leading to the propagation of an action
potential toward the higher centres of the brain. Reduction of the inhibitory transmission
system at the segmental level (e.g. gamma-aminobutyric acid, glycine) (Baba et al., 2003)

as well as the descending inhibitory system, mediated by the rostral ventromedial
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medulla, contribute to central sensitization (De Felice et al., 2011). Disinhibition leaves
dorsal horn neurons susceptible to activation of all stimuli from A-fibres, including

innocuous stimuli.
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Table 1. Mechanisms Of Neuropathic Pain

Evoked changes

Consequence

Altered Phenotype

Nerve axotomy leads to loss of retrograde
signaling with the periphery, resulting in
transcriptional changes.

Aberrant Signaling

Upregulation of Na, expression, down
regulation of K channels, and altered
expression of Ca, mediates unprovoked
generation of action potentials.

Ephatic Signaling

Silent afferent neurons, neighbouring a
damaged nerve, can be recruited into
aberrant activity, contributing to the stimuli
received by the CNS.

Peripheral and Central Sensitization

DRG neurons experience alterations to
membrane potential, bringing them closer
to firing threshold. Afferent barrage of
stimulus following nerve damage leads to
wind-up, a key feature of central
sensitization.

Compiled from Bridges et al. 2001
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1.3 OSTEOARTHRITIS

Osteoarthritis (OA) is the most prevalent musculoskeletal disorder in the world
affecting over 30% of the adult population (Haugen et al., 2011). This disease is
primarily characterized by chronic pain and there are currently no disease modifying
osteoarthritis drugs (DMOADs) that can attenuate disease progression. Current
pharmacotherapy strategies act to manage pain associated with the disease; however,
long-term consumption of analgesics is associated with a wide range of severe side
effects. This creates the pressing need for development of DMOADs that will prevent

disease progression and alleviate the suffering of millions.

1.3.1 Joint structure

The knee joint is a hinge joint that is required to accommodate a variety of
stresses that occur on a daily basis. The three osseous structures of the knee joint are the
femur (distal femur condyle), tibia (proximal tibial plateaus), and patella. The femur is
characterized by two strong bone protrusions (femoral condyles), which are covered with
cartilage (Figure 1.2). The femoral condyles rest into grooves atop the proximal tibial
plateaus. Two articular disks, termed the medial meniscus and lateral meniscus, reside in
the center of the knee joint fused with the synovial membrane laterally. Although the
joint surfaces between the femur and tibia are complementary, they are not congruent,
and the menisci act as a connector between the two bones that prevents rubbing between
them and offers additional protection by acting as shock absorbers.

The osseous structures within the knee joint are secured by multiple ligament
structures, which act in concert to prevent the bones from rubbing together. Lateral
ligaments (lateral collateral ligament and medial collateral ligament) offer support to the
outside of the knee joint from varus and valgus movements, and cruciate ligaments
(anterior cruciate ligament and posterior cruciate ligament) are located within the knee
joint, providing anteroposterior stability to the joint and allowing for hinge-like
movements.

Articular cartilage is a smooth, lubricated tissue that aids in protecting the bone

from the biomechanical forces elicited during the loading phase during gait
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(Wang et al., 2011). Approximately 75% of the wet weight in articular cartilage is H,O
and 70% of its dry weight is collagen. The remaining amount of dry weight is termed the
noncollagenous matrix, and is stabilized by link-proteins and comprised mostly of
proteoglycan aggrecan and hyaluronan (Plaas et al., 1983). The aggrecan is composed of
10% core protein and 90% chondroitin sulfate (Wang et al., 2011).

Chondrocytes of the articular cartilage are organized into three layers: superficial,
middle, and deep. Collagens form a fibrous (mesh-like) network that is densely
populated by aggregan and chondrocytic cells which mediate articular cartilage
homeostasis. Chondrocytic cells secrete and degrade matrix components in response to
external influences, including: growth factors, cytokines, and biomechanical insults

(Wang et al., 2011).
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Figure 1.2 Diagram of the knee joint. The knee joint is comprised of three osseous
structures; the patella, the distal femoral condyle, and the proximal tibial plateaus. Two
articular disks reside between the femoral condyles and tibial plateaus termed the medial
and lateral menisci. The menisci offer shock absorption and mediate contact between the
femur and tibia. The bone structures within the joint are supported through external
(lateral collateral ligament and medial collateral ligament) and internal (anterior cruciate
ligament and posterior cruciate ligaments) ligaments. The ligaments offer stability within
the joint and prevent the osseous structures from rubbing together or breaking apart.
(Image adapted from Yin, 2010).
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Figure 1.3 Innervation of the knee joint. The saphenous nerve is a sensory nerve that
travels from the cutaneous portion of the foot through the entire length of the leg. The
sartorial branch of the saphenous nerve innervates the knee joint (Image adapted from
Dunaway, 2005).
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1.3.2 Disease Etiology

Our understanding of the disease progression of OA has evolved significantly
over the past several decades. Once thought to be restricted to the articular cartilage of
diarthrodial joints, OA is now understood to be a ‘whole joint disease’. OA affects the
synovium, periarticular muscle, meniscus, as well as nerves and ligaments of the diseased
joint (Brandt, 2008). However, the exact pathogenesis remains unelucidated; many
factors including joint trauma, genetics, age, sex, altered biomechanics and hormonal
factors have been linked to the onset of OA.

OA can affect all joints but primarily affects the hands, knees, and hips. Two
primary features characterize the disease: 1) the progressive damage of articular cartilage,
2) bone remodeling or formation (osteophytes) (Grynpas et al., 1991). Synovial
inflammation and damage to ligaments, tendons, and menisci are also commonly
associated with disease progression.

The aetiology of OA has traditionally been defined as the failed attempt to repair
damage caused to the joint through excessive strain on joint tissues. The body’s innate
repair mechanisms are unable to repair this damage with the underlying stressor still
engaged. Natural repair mechanisms circumvent this problem through the remodeling of
the subchondral bone that acts to alleviate the strain placed on the joint, however, this
bone remodeling results in joint pain (Brandt et al., 2008).

Mechanical loading has been strongly linked to the initiation of OA; the high
onset of OA following an anterior-cruciate ligament (ACL) transection is markedly
attenuated when the joint is stabilized immediately after surgery (Palmoski et al., 1982).
However, strong arguments have been made for other factors in disease progression
including: chemokines, cytokines and subsequent inflammation.

The cartilage-centric disease pathology theory includes mechanical stress or
inflammatory mediators affecting quiescent chondrocytes, changing their dynamics,
causing release of matrix metalloproteinases and prostaglandins, leading to rapid
degradation and erosion of bone. This theory of OA etiology aligns with the classic
symptom of cartilage erosion, as mechanical stress has been demonstrated to induce the

release of various factors, including: extracellular matrix degrading enzymes (i.e. matrix
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metalloproteinases and aggrecanases) (Cawston et al., 2006; Song et al., 2007),
proinflammatory cytokines (e.g. interleukin-1, tumor necrosis factor) (Kapoor et al.,
2011), and chemokines (e.g. growth regulated oncogene a, IL-8, monocyte chemotactic

protein 1), which have all been demonstrated to potentiate the inflammatory response.

1.3.3 OA Pain

The urgency to develop treatments that specifically target OA pain is great, as OA
patients rank pain the number one symptom impairing their quality of life (OA
Consensus Conference, Toronto, 2000). However, to develop DMOADs, it is necessary
to gain a better understanding of the etiology and cellular mechanisms involved in the
pain generated by the disease.

OA has traditionally been viewed as a degenerative disorder; however, clinically,
there is discordance between radiographical diagnosis of OA and joint pain (Hannan et
al., 2000). Patients presenting with severe disease progression, including robust bone
marrow lesions and osteophyte formation, often report not experiencing joint pain.
Conversely, patients demonstrating minor radiographical alterations report severe pain.
This enigma adds complexity to OA pain and further research of underlying pain

mechanisms is required.

1.3.3.1 Joint Innervation

Myelinated AP, thinly myelinated Ao, unmyelinated C, and postganglionic
sympathetic nerve fibres innervate diarthrodial joints. AP fibres innervate the capsule, fat
pad, ligaments, menisci and periosteum; Ad and C nerve fibres innervate the capsule,
ligaments, menisci, and periosteum(Freeman et al., 1967; McDougall et al., 1997). Of all
bone structures in the joint, the periosteum possesses the highest sensory and sympathetic
innervation, which is speculated to even increase during disease states.

AP fibres, innervating the periosteum, become activated primarily through
innocuous movements within the working range of the joint. However, the majority of
Ad (50%) and C (70%) fibres become activated through nociceptive stimuli (Schaible et
al., 1993). Afferent fibres demonstrate plasticity during inflammation, with AP fibres

exhibiting heightened responsiveness, and high-threshold nociceptive afferents becoming
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sensitized and subsequently activated, in response to normal working movements of the

joint (Schaible et al., 1985).

1.3.4 Inflammation

The discovery of a low-grade inflammatory component to OA has occurred over
the past decade, and it is now widely believed that OA pain is mediated through both
peripheral and central sensitization. Most clinical cases of OA present with a substantial
amount of inflammation. This inflammation is driven by a wide-variety of inflammatory
factors, including tumor necrosis factor-a, interleukin 6, interleukin 1, calcitonin gene
related peptide, substance P, vasoactive intestinal peptide, nerve growth factor,
prostaglandin E,, glutamate, serotonin, that are elevated in synovial fluid of OA patients

(Read & Dray, 2008).

1.3.4.1 Synovitis

The synovial membrane is a thin tissue barrier around the joint that acts to
regulate the influx of nutrients and the efflux of articular matrix turnover (Brandt et al.,
2008). Articular cartilage is avascular and aneural, therefore, all extracellular molecules
must diffuse through the synovial membrane to enter the joint. In inflammatory joint
conditions, such as rheumatoid arthritis, the inflammatory mediators that facilitate disease
cross the synovial membrane to elicit effects within the joint. The synovial membrane is
vulnerable to inflammation, and hyperplasia of the lining cell layer of the synovial
membrane is indicative of an inflammatory environment within the joint.

Although early studies, using primitive diagnostic techniques, failed to determine
a correlation between global joint synovitis and knee OA, recent evidence has found a
linkage between the two. Utilizing contrast-enhanced MRI technology, synovitis has
been correlated to knee OA disease progression and pain with synovitis conferring a 9.2-
fold increased odds ratio of pain (Baker et al., 2010). Unlike rheumatoid arthritis, which
demonstrates robust synovitis, knee OA synovitis is localized to the cruciate ligament and
the suprapatellar region of the diseased joint (Baker et al., 2010). Joint swelling has been
a traditional clinical symptom of OA, and in light of these recent findings, it is now

believed to be caused, in part, by synovitis (Berenbaum, 2013).
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Figure 1.3 Overview of disease etiology in OA. Abnormal joint loading and
excessive compression of articular cartilage alters the phenotype of quiescent
chondrocytes, causing the release of pro-inflammatory mediators into the joint.
The release of inflammatory mediators facilitates joint degradation, remodeling,
and ultimately pain. (Image adapted from Goldring, 2007).
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1.3.5 Experimental Models

Similar to other experimental models of disease, the purpose of OA models is to
recapitulate clinical symptoms in animals. There are several methods in which this is
successfully accomplished (Table 2). It is important to note, models used to study the
pathophysiology and regulation of structural joint damage are distinct from the models
employed to investigate OA pain. Several of the widely used pre-clinical models are
highlighted in Table 2.

Surgical - a traditional method of eliciting OA is through surgical induction. Various
surgical techniques may be employed (Table 2), ranging from eliciting menisci damage, to
the more popular model of anterior cruciate ligament transection model (Pond et al., 1973).
These surgical models result in a high rate of disease onset.

Spontaneous - similar to humans, specific animals display a high onset of naturally
occurring OA that arises without the requirement of chemicals or surgical intervention
(Table 2). A species of animal utilized for their high prevalence (~90%) of naturally
occurring OA is the Dunkin-Hartley guinea pig. Disease onset occurs at 6 months of age
with extensive joint damage by 18 months. Although the mechanism of disease
pathophysiology remains elusive, it is hypothesized to occur due to the large body weight
and abnormal joint loading (Bendele, 2001).

Chemical - The recent advent of chemical introduction into the joint has allowed for
consistent recapitulation of the clinical symptoms experienced in OA. Intraarticular
injection (i.a.) disease models allow for easy induction and variance in symptoms. The
introduction of monosodium iodoacetate (MIA) into the knee joint causes extensive
destruction of chondrocytes and rapid degradation of articular cartilage (Bove et al., 2003).
MIA is the most widely used experimental model of OA pain, with an estimated 50% of OA
pain research employing it (Little et al., 2012).
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Table 2- Preclinical animal models of OA

Animal Model

Species

Outcome measures

Surgically Induced

Anterior cruciate ligament
transection

Rat, Dog, Rabbit

Gait analysis

Medial collateral ligament Rat HL weight distribution

transection (incapacitance)

Chemically-induced

Monosodium iodoacetate Rat, mouse HL weight distribution
(incapacitance),
mechanical allodynia,
mechanosensitivity, grip
strength meter, thermal
hyperalgesia, mechanical
hyperalgesia, gait analysis

Collagenase Mouse Visual gate analysis, joint
tenderness

Papain Rat, mouse HL weight distribution
(incapacitance),
mechanical allodynia,
mechanosensitivity,
thermal hyperalgesia,
mechanical hyperalgesia,

Spontaneous

Age Guinea pig Mechanosensitivity

Obesity Mouse Motor coordination
(rotarod), grip strength
meter, gait analysis

Genetic

Col9al (-/-) Mouse Motor coordination

(rotarod), gait analysis,
mechanical allodynia,
thermal hyperalgesia, grip
strength

Modified from: Little et al., 2012.

23




1.3.6 Current OA Treatments

Acetaminophen is often used in early stages of OA, as it has demonstrated efficacy
attenuating disease symptoms and is relatively safe. Previous studies determined
acetaminophen possessed a similar efficacy as NSAIDs in the reduction of effusion and
synovial tissue inflammation of knee OA (Brandt et al., 2006). Although the exact
mechanisms of action have not been fully elucidated, analgesic effects are believed to occur
through inhibition of COX enzymes. Most recently it has been hypothesized that
acetaminophen exerts analgesic effects through binding with transient receptor potential
cation channel, subfamily A, member 1 in the spinal cord, attenuating nociceptive signaling
in the superficial lamina (Andersson et al., 2011).

Non-selective NSAIDs are often used as a second-line treatment for moderate OA
pain. Non-selective NSAIDs inhibit COX expression, and subsequent conversion of
arachidonic acid to prostaglandins (Figure 1.4) (Cheng et al., 2012). Although NSAIDs are
successful at achieving analgesia through COX-2 inhibition, COX-1 is responsible for
maintaining homeostasis in a variety of cellular processes, including platelet aggregation
and gastrointestinal epithelium generation. As non-selective NSAIDs inhibit both COX
enzymes significant side effects accompany their long-term use.

Synthetic opioid agonists (i.e.- codeine) have been shown to be effective as an
adjuvant therapy to NSAIDs or an efficacious alternative for individuals unable to tolerate
NSAIDs. Opioids bind to three primary receptors (L, k, and d) located in the periphery, the
spinal column, supraspinally, and in the gastrointestinal tract. Mechanistically, activation of
peripheral opioid receptors causes sensory neuron hyperpolarization, attenuating the
hyperexcitability caused through inflammation and injury (Hurley et al., 2000). However,
opioid use is accompanied by a wide range of side effects including: constipation, nausea,
and respiratory depression ("Recommendations for the medical management of osteoarthritis
of the hip and knee: 2000 update. American College of Rheumatology Subcommittee on
Osteoarthritis Guidelines," 2000).

Topical NSAIDs (e.g. Voltaren®, Pennsaid®) act peripherally through similar

cellular mechanisms as oral NSAIDs and possess a similar efficacy (Heyneman et al., 2000).
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Producing an equal analgesic response with a much lower risk of GI and renal toxicity
makes topical NSAIDs an attractive therapy in the treatment for OA.

Viscosupplementation of hyaluronic acid (HA), a polysaccharide and major
component of synovial fluid and cartilage, is a novel treatment for OA (Marshall, 2000).
HA is synthesized by chondrocytes and synoviocytes and released into the synovial space,
aggregating on ligament surfaces and cartilage. HA facilitates synovial fluid homeostasis
and aids in lubricating the joint and shock absorption (Marshall, 2000). Healthy individuals
are estimated to possess 2.5-4.0 mg/mL of HA within the knee joint, while this amount is
downregulated to 1-2 mg/mL during OA disease progression (Marshall, 2000). A novel
therapeutic treatment in OA is the reintroduction of HA into the joint through intra-articular
injection (Marshall, 2000). Reintroduction of the polysaccharide increases the elasticity and

viscosity of the synovial fluid, lowering the biomechanical impact on the joint.
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Figure 1.4 Arachidonic acid signaling cascade. Cyclooxygenase 1 (COX-1) is

constitutively expressed in a wide variety
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(COX-2) proteins are upregulated through proinflammatory cytokines at the site of
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1.4 LYSOPHOSPHATIDIC ACID

Lysophosphatidic acid (LPA), the simplest phospholipid, is composed of a
glycerol backbone, a phosphate, and a fatty acid. LPA has been found to be involved in a
wide range of both physiological and pathological conditions (Okudaira et al., 2010).
Naturally present in fluids throughout the body, LPA binds to a class of cell surface G-
protein coupled receptors (GPCRs) through which it elicits a wide range of effects
including: cell migration, cell proliferation, vasodilation, inflammation, and neuropathic

pain (Ueda, 2008).

1.4.1 LPA Cell Signaling

To date, five GPCRs specific for LPA have been discovered (Table 3). The
endothelial differentiation gene (EDG) subgroup is comprised of three receptors: LPA;
(EDG2), LPA, (EDG4), LPA3; (EDG7). The second subclass is composed of two
receptors: LPA4 (GPR23, p2y9), LPAs (GPR92) (Aoki et al., 2008). The orphan GPCR
GPR&87 has been proposed as a possible sixth receptor in this subclass, however further
characterization is required (Choi et al., 2010).

All five LPA receptors are type I, rhodopsin-like G-protein coupled receptors that
activate different downstream signaling pathways (Choi et al., 2010)(Figure 1.5).
Activation of G, /11 leads to the stimulation of phospholipase C 3 isoform (PLC B),
which either catalyzes the production of inositol (1,4,5) triphosphate, triggering the
release of intra-cellular Ca" stores, or diacylglycerol which activates protein kinase C
(PKC) (Yuan et al., 2003).

Phosphorylation of G, 12/13 activates Ras homolog gene family (Rho) members,
leading to activation of Rho-dependent kinase (Rock), which then stimulates c-jun N-
terminal kinase (JNK) causing the formation of stress fibres. The activation of Rho also

causes an upregulation of serum response factor (SRF) (Riobo et al., 2005).
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Figure 1.5 Intracellular signaling cascades initiated via LPA receptor activation.
Binding of extracellular LPA activates membrane bound LPA GPCR receptors.
Activation of these receptors phosphorylate one or more G-proteins which are capable
of initiating a host of intracellular signaling cascades which can result in: increased
release of intracellular Ca** stores, activation of RHO-Rock signaling pathway, up
regulation of cAMP, amongst others. (Image adapted from Choi, 2010).
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LPA receptors are widely distributed throughout a host of systems. LPA; is highly expressed
in the nervous system; LPA, demonstrates robust expression in immune organs (thymus and
spleen), while LPAj is widely expressed within reproductive organs including the uterus and
the testis (Okudaira et al., 2010). LPA4 and LPAs are widely expressed at low amounts.
Relevant for neuropathic pain, LPA receptors are expressed on myelin forming cells,
astrocytes, and neuronal cells within the CNS and peripheral nervous system (PNS) (Table 4)
(Noguchi et al., 2009).

1.4.2 Production of LPA

LPA is produced both intracellularly and extracellularly and determined to be present
in abundance in serum with minute amounts in plasma (Okudaira et al., 2010). Due to this
discovery, researchers have speculated that LPA is produced during serum formation. LPA
can be produced in two ways: Phospholipids or diacylglycerol produce phosphatidic acid (PA),
which is converted into LPA; or phospholipid, is converted into lysophospholipids, which is
then converted into LPA.

The first method of LPA production occurs intracellularly. The initial step in this
pathway, production of phosphatidic acid, is mediated by diacylglyceral kinase (DGK) and
phospholipase D (PLD). The second step in this pathway, conversion of phosphatidic acid to
LPA, is mediated by phosphatidic acid-selective phospholipase A; (PA-PLA,) (Sonoda et al.,
2002). The second method occurs in extracellular body fluids (e.g. serum, plasma, etc.) and is
initiated by the intracellular production of phosphatidylcholine (PC) that is converted into
lysophosphatidyl choline (LPC). The lysophosphatidyl choline is cleaved from the membrane
into the extracellular space and hydrolyzed by the ectoenzyme autotaxin (ATX), which

possesses phospholipase D activity, resulting in LPA and choline (Okudaira et al., 2010).

29



Table 3- LPA receptor subtypes

Synonym Coupling Cellular Physiological | Pathological
G protein response function function
EDG
subgroup
LPA1 EDG2 Gi/o, Gq, Proliferation, Brain Neuropathic
G12/13 chemotaxis, development pain, lung
fibre fibrosis,
stretching, renal
anti-apoptosis fibrosis,
metastasis of
cancer cells
LPA2 EDG4 Gi/o, Gq, Proliferation, ? Protection
G12/13 chemotaxis, against
fibre radiation
stretching,
anti-apoptosis
LPA3 EDG7 Gi/o, Gq Proliferation, Embryo ?
chemotaxis implantation
P2y
subgroup
LPA4 GPR23, Gs, Gi/o, Stress fibre ? ?
P2Y9 Gq, formation,
G12/13 neurite
extraction,
cell adhesion
LPAS GPR92 Gi/o, Gq Stress fibre ? ?
formation,
neurite
extraction
P2Y5 P2RYS5 Gs, Gi/o - Hair growth ?

Table adapted from Aoki et al., 2008
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1.4.3 Neuropathic pain

Over the past decade researchers have examined neuropathic experimental models
and concluded that demyelination occurs in all models (Ueda et al., 2013). Due to its
elicitation of demyelination, LPA has been characterized as the distinct chemical

signature in the initiation of neuropathic pain (Ueda et al., 2013).

1.4.3.1 LPA Mediated Demyelination

Intense noxious stimuli responsible for the initiation of neuropathic pain have
been discovered to cause the release of excitatory neurotransmitters (glutamate and
substance P) from the pre-synaptic terminal of the primary afferent nociceptor neurons.
The release of these neurotransmitters, and the subsequent activation of the ionotropic
NMDA subtype receptor and metatropic NK1 receptor on the postsynaptic terminal, has
been discovered to produce the release of LPA (Inoue et al., 2008).

In addition to the pleiotropic effects that LPA elicits, the presence of LPA in the
CNS initiates demyelination, via activation of the LPA; receptor, and ultimately
neuropathic pain (Inoue et al., 2004). A single intrathecal (i.t.) injection of LPA has been
shown to elicit tactile allodynia and thermal hyperalgesia, and subsequent dorsal horn
demyelination (Inoue et al., 2004). Furthermore, these hallmark traits of neuropathic pain
are absent in LPA-/- mice that receive identical treatments.

As peripheral nerve demyelination occurs in both mononeuropathic and
polyneuropathy states, LPA’s involvement in peripheral nerve demyelination, through
disruption of Schwann cells (Inoue et al., 2004) and down-regulation of myelin proteins
(Fujita et al., 2007), further implicates LPA as the biological signature for neuropathic
pain. Additionally, it has been discovered that LPA, signaling up-regulates calcium
channel a2-6; subunits in DRG neurons one week after partial sciatic nerve injury (Inoue
et al., 2004).

One hallmark feature of neuropathic pain is central sensitization. EphrinB;, a
glycosyl-phosphatidylinositol-lined transmembrane protein-ligand located on the
presynaptic nerve terminal, has been characterized to modulate the Ca” -gating of
NMDA-type glutamate receptors (Takasu et al., 2002). This regulation is hypothesized
to be responsible for the removal of Mg*" from NMDA allowing glutamate binding and
subsequent Ca”*-gating without the requirement of post-synaptic membrane
depolarization. EphrinB; has been found to be elevated through activation of LPA,

31



receptor signaling (Uchida et al., 2009). As NMDA-type glutamate receptor activity is a
key characteristic of synaptic plasticity (Wu et al., 2009), this linkage further defines
LPA’s role in neuropathic pain.
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Table 4- LPA Receptor Expression and Physiological Responses in the Nervous

System

Cell Type Receptor

Expression

Responses to LPA

Neural progenitor cell | LPAIL, LPA2

Proliferation

Differentiation

Inhibition of differentiation
Neurite retraction/ cell rounding
Early conductance change

Neuron LPA2

Neurite retraction/ cell rounding
Growth cone collapse/ repulsive turning
Inhibition of migration

Survival

Apoptosis

Oligodendrocyte LPAI1

Process formation (maturation)
Process retraction/ cell rounding

Astrocyte LPAI1-5

Proliferation

Impaired glutamate uptake

ROS production

Cytoskeletal changes

Neuronal differentiation factor release

Microglia LPAI1, LPA3

Metabolic activity increase (proliferation)
Chemokinesis enhancement

Schwann cell LPA1, LPA2

Survival
Differentiation
Cytoskeletal changes
Demyelination

Table adapted from Noguchi et al., 2009
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Figure 1.6 De novo synthesis of LPA initiated through primary afferent activation.
Release of substance P (SP) and glutamate (Glu) from pre-synaptic afferent nerve
terminal and subsequent binding to membrane bound NK1 and NMDA-R receptors of the
post-synaptic membrane causes the intracellular signaling cascade: beginning with
stimulation of phospholipase C B isoform (PLCB) which catalyzes the production of
inositol (1,4,5) triphosphate, leading to the upregulation of calcium (Ca*"). Upregulation
of intracellular Ca®" causes the production of calcium-dependent/ cytosolic phospholipase
A2 (cPLA;) and calcium-independent/ intracellular phospholipase A2 (iPLA;) that
simultaneously catalyze the conversion of membrane phosphatidyl choline (PC) to
lysophosphatidyl choline (LPC). LPC is released into the extracellular space where it is
hydrolyzed by autotaxin (ATX) and converted into lysophosphatidic acid (LPA). (Image
adapted from Ueda, 2013).
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1.4.4 LPA;;receptor antagonist (Kil6425)

Previous studies have characterized Kil6425 to selectively inhibit acute LPA-
induced actions including Ca®" release, inositol phosphate response, and cAMP responses
(Ohta et al., 2003). Ki61425 was additionally determined to ameliorate chronic LPA-
induced actions (e.g. neuropathic pain, cell migration) (Ohta et al., 2003). Furthermore, it
has been established that Ki16425 preferentially attenuated LPA; and LPA; actions
without impeding the cellular actions of other LPA receptors. The antagonist was also
found to be specific for the binding of LPA, as the cellular effects of sphingosine-1-
phosphate, lysophosphatidylcholine, ATP, bradykinin, and epidermal growth factor were

not attenuated through its administration.

1.5 GENERAL HYPOTHESIS AND RATIONALE
1.5.1 Rationale

Current pharmacotherapeutic treatments have failed to ameliorate joint pain
accompanying OA in a large subpopulation of patients. As these analgesics (NSAIDs)
are efficacious in inflammatory pain states, the lack of efficacy in OA raises the concern
of another pain state being present. Several studies have proposed a neuropathic
component to OA pain, and the first clinical linkage was presented with the finding of
heightened levels of LPA in the synovial fluid of OA. LPA, a key mediator in the
initiation of neuropathic pain, could be an exogenous mediator of a neuropathic

component in OA pain and a potential target for therapeutic development.

1.5.2 Hypothesis

There is a neuropathic component to OA pain. Furthermore, this neuropathic pain

is initiated and mediated through the activation of LPA 3 receptors.

1.5.3 Project Objectives

The purpose of the present study was to investigate the role of LPA in the
etiopathogenesis of OA in SD rats. We attempted to determine if LPA causes neuronal

damage to myelinated joint afferents, and whether LPA is responsible for a neuropathic
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pain component in OA. Introduction of LPA or MIA into the knee joint was used as a
model of OA and incapacitance weight bearing and von Frey hair algesiometry were
considered as correlates of pain in all experiments.

1) In the first part of this study, we sought to characterize a novel model of
nociception through i.a. injection of LPA.

2) In the second part of this study, systemic delivery (i.p. injection) of a selective
receptor antagonist was used to determine: whether blockade of LPA 3 receptors (with
the selective antagonist Ki16425) attenuates peripheral nerve demyelination and reverses
acute nociception caused by i.a. administration of LPA.

3) The third portion of this study sought to determine if a single i.a. injection of LPA
could elicit chronic nociception.

4) In the last portion of this study, systemic delivery of the selective LPA antagonist
Kil16425 was used to assess whether blockade of LPA | 3 receptors attenuates peripheral
nerve demyelination, and whether it reverses nociception cause by i.a. administration of

MIA.
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CHAPTER 2 MATERIALS AND METHODS

2.1 ANIMALS
All experiments conducted were approved by the University Committee on

Laboratory Animals at Dalhousie University (Halifax, Nova Scotia, Canada) and
performed in compliance with the ethical guidelines of the Canadian Council on Animals
Care. Male Sprague-Dawley rats (Charles River Laboratories, Quebec, Canada),
weighing 150-200 g at the time of experimental induction, were used for behavioral and
histological assessments. Upon arrival, animals were housed in pairs and placed on a 12-
hour light/dark cycle in a temperature-controlled room (22 + 1°C) and allowed access to
food and water ad libitum. Animals were allowed one week for habituation upon their

arrival to the Carleton Animal Care Facility before experimental testing began.

2.2 EXPERIMENTAL MODEL INDUCTION
2.2.1 Intra-articular Knee Injection

Intra-articular (i.a.) knee injections were used to assess the physiological changes
attributed to administration of either LPA or MIA into the knee joint. All injections were
performed using aseptic technique while animals were deeply anesthetized by isoflurane
inhalation (2-5% isoflurane; 100% O, 1L/min). The right knees of the animals were
shaved with clippers and 70% ethanol and iodine was then applied to the skin. Upon
induction of anesthesia (i.e. loss of pedal withdrawal reflex), a 25-guage needle was
introduced into the knee joint through the patellar ligament (Figure 2.1). Once the needle
was correctly positioned between the tibial plateau and femoral condyles, 50 ul of test
substance was injection into the joint, followed by multiple flexion/extensions of the knee
joint to ensure proper fluid distribution within the aqueous environment. After the
procedure, animals were placed into a recovery suite and observed before being returned
to the Carleton Animal Care Facility. Proper technique of i.a. injection was verified by
injecting aniline blue dye (dissolved in H,O). Animals that received control dye

injections were not used in any experiments.
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Figure 2.1 Illustration of an intra-articular injection into the knee joint. A 25-gauge
needle is introduced into the joint through the patella tendon. Once positioned between
the femur and tibia, 50 pl of test substance is injected into the synovial cavity of the joint.
The needle is removed and the area is swabbed with 70% ethanol. The injected knee is
moved into flexion and extension several times to allow for proper fluid dispersion.
Patella (P) femur (F) and tibia (T) and fibula (Fi). Image adapted from
www.Findlaw.com.
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23 BEHAVIORAL ANALYSIS

Behavioral analysis was used to determine the initiation of pain states caused by
the administration of test substances into the knee joint. All behavioral assessments were
conducted in an area void of noise or other external factors that could cause disruption to
the assessment. The testing area remained under constant illumination and was kept at
constant temperature (22 + 1°C) for the duration of testing. Animals underwent training
and habitualization procedures for the incapacitance weight-bearing apparatus and von
Frey algesiometry. As standing solely on the hindlimbs, in a foreign apparatus, is not an
innate ability for rats, training was required to garner accurate weight-bearing
measurements. Additionally, upon introduction to novel environments, rodents initiate
innate exploratory behaviours. Habitulization to the algesiometry Plexiglass chambers
was required for the cessation of this exploration behaviour allowing for accurate paw

withdrawal recordings.

2.3.1 Weight-bearing assessment

An incapacitance apparatus (Linton, Norfolk, United Kingdom) was used to
measure hindlimb weight-bearing and to assess joint pain. Prior to recordings, rats were
carefully positioned into the Plexiglass tube so each hindpaw rested on a separate force
plate transducer and care was taken to ensure that the rats’ weight was not dissipated onto
the Plexiglass tube (Figure 2.2). The incapacitance tester is a dual-channel weighted
averager that calculated the amount of weight (measured in grams) each hindlimb exerted
over a 3-second time interval. The percentage of weight borne on the ipsilateral (right)
leg was calculated using the following equation:

% weight on ipsilateral leg =
[ weight on right leg / (weight on right leg + weight on left leg) ] x 100

Three readings were taken for each animal per time point, and the average of

these three measurements was used in analysis.
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2.3.2 Pain withdrawal reflex

An automated von Frey hair algesiometer (Ugo-Basile, Milan, Italy) was used to
assess secondary allodynia. Animals were placed into a Plexiglass chamber (20 x 20 x
14 cm) with a metal mesh bottom and allowed to move about freely. Upon cessation of
exploratory behavior, an automated blunt microfilament was positioned under the plantar
surface of the animal’s hindpaw which rose toward the paw at a constant speed (Figure
2.3). The initial force exerted by the microfilament was below the threshold of detection
and increased steadily until a withdrawal reflex was caused. The apparatus automatically
recorded the force required to elicit a withdrawal response in the animal. A maximum
force of 50 g and a ramp speed of 4.5 g/s were used for all algesiometry tests.

The percentage of force required to elicit a paw withdrawal response after
treatments, compared to naive baseline measurements, was calculated using the following
formula:

% change from baseline
= [ (force required after treatment — force required prior to treatment)/ force prior to

treatment | x 100
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Figure 2.2 Incapacitance tester evaluates musculoskeletal discomfort by assessing
hindlimb weight-bearing of animals. Each paw was placed on a separate force plate
transducer that measured the amount of weight (g) placed on it over a 3 second period.
Measurements obtained can be indicative of musculoskeletal discomfort in the animal.
Ipsilateral force plate transducer (F;), contralateral force plate transducer (F»), Plexiglass
holding tube (P).
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Figure 2.3 Von Frey hair algesiometry measures secondary allodynia in animals.
Algesiometer raises a blunt microfilament toward the hindpaw of the animal. The force
exerted by the microfilament is initially below the threshold of detection but gradually
increases with constant speed until a withdrawal reflex is elicited. The force required by
the algesiometer to elicit this withdrawal reflex is automatically recorded. Von Frey
algesiometry is a measurement of secondary allodynia.
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24 DRUGS
Lysophosphatidic acid, monosodium iodoacetate, and 2-hydroxypropyl-p-

cyclodextrin, were purchased from Sigma-Aldrich Ltd. (Oakville, Ontario, Canada).
Ki16425 was graciously donated by Eli Lilly (Indianapolis, IN, USA). All drugs were
prepared fresh on the day of administration. Lysophosphatidic acid was dissolved in
0.9% saline and ethanol (5%) to final concentrations of 0.1, 1, and 3 mg/ml. 3 mg of
monosodium iodoacetate was dissolved in 0.9% saline (50 pL). Kil6425 and 2-

hydroxypropyl-p-cyclodextrin were dissolved in dH,O.

2.5 DRUGS DOSING AND ADMINISTRATION
2.5.1 LPA Dose-response

After animals were habitualized to the apparatuses, naive baseline behavioral
measurements were attained prior to treatment on day 0. After naive measurements were
recorded, animals were administered an i.a. injection of LPA (5 pg, 50 pg, or 150 pg) or
an equal volume (50 pl) of vehicle control into the right knee joint. A second round of

behavioral measurements was conducted 24 h after i.a. injection (Figure 2.4).

2.5.2 LPA co-treated with LPA antagonist

After training and habitualization, naive baseline behavioral measurements were
attained on day 0. Upon completion of baseline measurements, half of the animals were
treated with a prophylactic systemic dose of LPA .3 antagonist Ki16425 (30 mg/kg i.p.)
and the other half treated with a vehicle control. One hour after treatment all animals
were administered an i.a. injection of LPA (50 pg) into the right knee joint. A second
round of behavioral measurements were conducted in all animals 24 h after the i.a.

injection of LPA (Figure 2.5).

2.5.3 Chronic LPA

Similar to experimental models outlined above, naive baseline behavioral
measurements were recorded on day 0. Once behavioral measurements were

attained, animals were administered an i.a. injection of LPA (50 pg or 150 pg) into
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the right knee joint. Subsequent behavioral measurements were conducted on days

3,7,14,and 21 (Figure 2.6).

2.5.4 MIA co-treated with LPA antagonist

Upon recording of naive baseline measurements on day 0, half of the animals
were treated with a prophylactic systemic dose (i.p.) of the LPA1.3 antagonist
Ki16425 (30 mg/kg). The remaining half of the animals were administered a
vehicle-paired control. One hour post-treatment, all animals received an i.a.
injection of MIA (3 mg) into the right knee joint. A secondary round of behavioral

analyses were conducted on day 14 (Figure 2.7).
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Figure 2.4 Behavioral assessment and injection schedule for LPA (i.a.) dose response
experiments. Prior to treatments, baseline behavioral assessment was completed in
naive animals. Rats then received an i.a. injection (50 pl) of vehicle, 5 pg, 50 pg, or 150
ug of LPA. Behavioral scoring was assessed again at 24 h post-injection.
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Figure 2.5 Behavioral assessment and injection schedule for LPA (i.a.) + Ki16425
(i.p.) experiments. Prior to treatments, baseline behavioral assessment was completed in
naive animals. Rats then received a prophylactic dose of Ki16425 (or vehicle) 1 h prior
to the i.a. injection (50 pul) of LPA (50 pg). Behavioral scoring was assessed again 24 h
post-injection.
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Figure 2.6 Behavioral assessment and injection schedule for chronic LPA (i.a.)
experiments. Prior to treatments, baseline behavioral assessments were completed in
naive animals. Rats then received an i.a. injection (50 pl) of LPA (50 pg). Behavioral
scoring was assessed again on Day 3, Day 7, Day 14, and Day 21.
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Figure 2.7 Behavioral assessment and injection schedule for MIA (i.a.) + Ki16425
(i.p.) experiments. Prior to treatments, baseline behavioral assessments were completed
in naive animals. Rats then received a prophylactic dose of Ki16425 (or vehicle) 1 h
prior to an i.a. injection (50 pl) of MIA (3 mg). Behavioral scoring was assessed again
on day 14.
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2.6  TISSUE PROCESSING
2.6.1 Saphenous nerve extraction

All animals were humanely euthanized through sodium pentobarbital overdose.
An incision along the interior portion of the quadriceps (spanning from above the knee
joint to the peritoneal cavity) was made. Superficial adipose tissues were bluntly
dissected and cleared in order to isolate the saphenous nerve. Once isolated, the portion
of the saphenous nerve running superior to the joint capsule and inferior to the peritoneal
cavity was excised. The nerve was partitioned into three equal portions, termed distal,

medial, and proximal.

2.6.2 Paraffin embedding

Nerve tissues were fixed in 4% paraformaldehyde in phosphate buffered saline
(PBS) for 2-4 h. Samples were then washed and stored in glycine (0.2 g per 100 mL
PBS) prior to embedding. Samples were dehydrated by a series of ascending ethanol
passages and then embedded in paraffin. Following embedding, samples were
transversely sectioned (5 pum) onto Superfrost slides using a RM2135 microtome (Leica

Microsystems, USA) and allowed to dry overnight in a humidified chamber (40°C).

2.6.3 Toluidine blue staining

Tissue sections were mounted onto slides and deparaffinated and rehydrated in a
series of graded ethanol solutions (xylene (x 4), 100% (x 3), 95% (3), 70%). Slides were
immersed in toluidine blue working solution and rinsed with distilled water (x 3).
Samples were then dehydrated rapidly through the ascending ethanol passages 95%,
100% (x 2), xylene (x 2) and coverslipped.

2.6.4 Hematoxylin & Eosin staining

Slides containing the tissue were deparaffinated and rehydrated with a decreasing
ethanol passage (previously described in section 2.6.3). Samples were immersed in 0.1%
hematoxylin and then underwent a series of rinses of: tap water, Scott’s H,O, tap water,

0.2% nitric acid, tap water, Scott’s H,O, and finally tap water. A counter stain of Eosin Y
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was applied and the samples were then dehydrated with ascending ethanol passages

(previously described in section 2.6.3) and coverslipped.

2.6.5 EM post-fixation

The right saphenous nerves of each group (n=8) were fixed in 2.5%
glutaraldehyde diluted with 0.1 M sodium cacodylate buffer at 4°C for 2 h, administered
three rinses of 0.1 M sodium cacodylate buffer, and fixed in 1% buffered osmium
tetroxide (2 h, 4°C). Samples were rinsed with distilled water and placed in 0.25%
uranyl acetate overnight (4°C). Following overnight fixation, samples were then
dehydrated with a graduated series of acetone (50%, 70% (x2), 95% (x2), 100% (x2),
dried 100%) and infiltrated with Epon Araldite Resin. Prior to sectioning, samples were
embedded in 100% Epon Araldite Resin and placed in an oven to cure (48 h, 60°C).
Epoxy embedded tissue samples were cut into thin sections (110 nm) using a LKB
Huxley Ultramicrotome (Bromma, Sweden) with a diamond knife and placed on 300
mesh copper grids. Prior to viewing, sections were contrasted with 2% aqueous uranyl
acetate and lead citrate. Following processing, ultrathin sections were viewed using a
JEOL JEM 1230 Transmission Electron Microscope (Tokyo, Japan) (x 2500

magnification) and images captured by a Hamamatsu ORCA-HR digital camera.

2.7 DATA ANALYSIS
2.7.1 Quantification of demyelination

To determine the thickness of myelination of the afferent neurons, digital
photographs (2500x magnification) were analyzed. The myelin sheath thickness was
measured using an area-based G-ratio (Figure 2.8), calculated by the ImageJ G-ratio

Calculator (National Institutes of Health, USA).

2.7.2 ImageJ G-ratio calculator

The two steps in G-ratio analysis are “Image preparation” and “Analysis”; these
steps involve the application of several filters and processing procedures.
Image preparation: Initially the image being analyzed was converted to 8-bit (black &

white). A median filter was then applied which allowed for better neuron edge detection
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by the elimination of background noise. Finally, an additional user-defined filter was
applied; throughout this present study the Shanbag filter was utilized for clarity of neuron
edges.

Analysis: A neuron was selected for analysis by clicking on the centre of it, the program
then measured the inner area and inner perimeter (al and pl) (Figure 2.8 & 2.9). The
program then identified the myelin border and measured the total area and outer

perimeter (a2 and p2).

2.7.2.1 Methods used for G-ratio calculation

The G-ratio calculator automatically computes two values for each neuron
analyzed. For perfectly spherical neurons, the perimeter based G-ratio and the area based
G-ratio would be identical. However, due to demyelinating processes, a large majority of
neurons undergo morphological alterations. The area based G-ratio is a better
representation of myelination as it is shape-independent, and was utilized in all analyses
within the present study.

The perimeter based G-ratio is calculated: pG-ratio = pl
p2
The area based G-ratio is calculated: aG-ratio = \ al
a2

Saphenous nerves of three animals in each treatment group were analyzed; a
cross-section at the proximal, medial, and distal levels of each nerve examined. Three
images were captured at each cross-section, and within each digital image the G-ratio of
3 neurons were analyzed. To ensure an unbiased analysis, measurements were conducted

without the knowledge of treatment groups.
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Figure 2.8 TEM nerve analysis quantifying afferent myelination using the G-ratio.
The area-based G-ratio is determined by dividing the internal axonal area (al) (blue) by
the total axonal area (a2) (red) to give a representation of the myelin present. This ratio
can be compared between treatment groups to quantify demyelinating processes and
amelioration there of.
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Figure 2.9 Analysis of TEM sections through ImageJ G-ratio Calculator. TEM
digital images were opened with ImageJ G-ratio Calculator, following the application of
several filters, the G-ratio calculator calculated both the perimeter based G-ratio and the
area based G-ratio. The area based G-ratio was used for statistical analysis, as
demyelinated neurons undergo structural alterations and this measurement is shape-
independent.
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2.8  STATISTICAL ANALYSIS

Data analysis was performed using Graphpad Prism software (version 5.0) and
presented as mean = standard error of the mean (SEM). In studies only including two
groups, a Student’s t-test was performed. In multiple treatments with normal distribution
and equal variance, a one-way analysis of variance was performed. The Bonferroni post-
hoc test was utilized in all groups. A value of P < 0.05 was determined to be statistically

significant.

2.9 ROBUSTNESS OF MEASUREMENTS TECHNIQUE

Extensive efforts were made to minimize variability of behavioral assessments
among experimental cohorts. Behavioral analyses were conducted by the same
researcher, within the same room (void of noise), and at the same time of day, to ensure
reproducibility between experimental groups.

Over the course of the study, the average naive baseline measurement of
ipsilateral hindlimb weight-bearing in all experimental groups (n = 79) was determined to
be 51.03% with a standard deviation of 2.51. The low standard deviation indicates
reproducibility among experimental groups. The average amount of force required to
elicit a paw withdrawal response in naive animals (n = 79) in all groups was found to be
35.04g, with a standard deviation of 8.64.

Although every effort was taken to ensure animals became habitualized to the
algesiometer chamber, the operation of the algesiometer is a much more dynamic process
compared to the incapacitance tester. The algesiometer apparatus often needs to be
repositioned beneath the animal and the raising of the blunt microfilament elicits soft
noise. In rare instances, these factors may influence the readings in timid animals and
account for the large standard deviation.

The incapacitance weight-bearing apparatus is specifically designed to house a
moderate-sized animal. As the animals grew large and had difficulty fitting into the
holding tube comfortably, measurements became challenging. This caused a limitation to

the length of our chronic studies (21 days).
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CHAPTER 3 RESULTS

3.1 NOCICEPTIVE EFFECTS CAUSED BY AN INTRA-ARTICULAR
INJECTION OF LPA

To determine if musculoskeletal discomfort arose from introduction of LPA into
the knee joint, 5, 50, or 150 pg of LPA or vehicle controls were introduced into the joint
of animals in several cohorts. Incapacitance measurements were conducted 24 h after the
intra-articular (i.a.) injection of LPA and were compared to naive baseline measurements
(Figure 3.1). La. administration of both 50 pg (p <0.001; one-way ANOVA and
Bonferonni post-hoc test) and 150 pg (p < 0.05; one-way ANOVA and Bonferonni post-
hoc test) LPA caused a marked reduction (-4.59%) in the amount of weight distributed
onto the injected (ipsilateral) hindlimb 24 h post injection compared to naive controls.

Conversely, no significant change in weight-bearing was noted in 5 pg or vehicle
groups. This experiment demonstrates that an i.a. injection of LPA into the knee joint
does induce a shift in weight-bearing 24 h post-injection, with the most significant
changes resulting from administration of 50 pg.

In order to determine if peripheral administration of LPA causes secondary
allodynia, tactile allodynia was measured in the hindpaw. In identical treatment groups,
5, 50, or 150 pg of LPA along with vehicle controls were administered into the knee joint
and von Frey algesiometry was assessed 24 h post injection. Although no group was
found to be statistically different than vehicle control, both 50 and 150 pg LPA treatment
groups were trending on a reduction in the force required to elicit a withdrawal response
when percent (%) change from baseline was calculated. On average, animals in the 50 pg
treatment group demonstrated a 20% decrease in the force required to elicit a withdrawal
reflex at 24 h compared to paired baseline measurements (Figure 3.2). Similarly, the 150
ug treatment group demonstrated a 10% decrease in force, on average, to elicit a
withdrawal reflex 24 h after administration of LPA into the knee joint (p > 0.05; one-way

ANOVA and Bonferonni post-hoc test) (Figure 3.2).
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Figure 3.1 LPA causes disruption to hindpaw weight-bearing in normal rats.
Histogram shows shift in hind limb weight-bearing at 24 h after intra-articular injection
of LPA. Values represent the mean + SEM (n=8 / group). ***p<0.001 compared to
naive controls, *p<0.05 compared to naive controls; one-way ANOVA and Bonferonni
post-hoc test.
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Figure 3.2 Force required to elicit withdrawal response after LPA injection.
Histogram shows percent (%) change from baseline for force required to elicit a paw
withdrawal 24 h after intra-articular injection of LPA (5 - 150 pg). Values represent the

mean + SEM (n=8 /group).
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3.2 PREVENTION OF LPA-INDUCED NOCICEPTION THROUGH SYSTEMIC
KI16425

In an attempt to characterize the mechanisms by which LPA elicits acute
peripheral sensitization, animals were co-treated with the LPA | ; antagonist Kil16425 (30
mg/kg, i.p.) and LPA (i.a.). Incapacitance weight-bearing and von Frey algesiometry
behavioral assessment was conducted to assess the pain states mediated by LPA and the
potential attenuation through Kil6425.

In these experiments, injection of LPA in vehicle-treated animals failed to elicit
changes to ipsilateral hindlimb weight-bearing at 24 h (Figure 3.3). Although the
Ki16425-treated animals maintained baseline levels of weight bearing on the ipsilateral
hindlimb, due to the failure of the vehicle-treated control group to demonstrate peripheral
sensitization at 24 h (Figure 3.3), the anti-nociceptive effects of the LPA antagonist could
not be fully elucidated (p > 0.05; one-way ANOV A and Bonferonni post-hoc test).

Similarly, tactile allodynia was not present in animals administered LPA + vehicle at
24 h, as determined through algesiometry assessment (Figure 3.4). Visually, it can be
observed that the percent (%) change from baseline in the force required to elicit a
withdrawal reflex in vehicle-treated control animals (-15.3 %) was approximately twice
as much as the Kil6425-treated animals (-9.5 %) (p = 0.6275; unpaired two-tailed
students T-test). Although no statistical difference was found between treatment groups,
the behavioral analyses are trending on significance and an increase in the number of

animals tested may produce statistical significance.
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Figure 3.3 LPA antagonist does not prevent change in weight-bearing. Histogram
shows a comparison of the effect of prophylactic treatment of the LPA antagonist
Ki16425 (i.p.) 1 h before intra-articular injection of LPA (50 pg) on hind limb weight-
bearing at 24 h post-LPA injection. Values represent the mean + SEM (n= 8/ group).

One-way ANOVA and Bonferonni post-hoc test.
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Figure 3.4 LPA antagonism does not prevent secondary allodynia. Histogram is a
comparison of difference in percent change from baseline (force) required to elicit
withdrawal 24 h after intra-articular injection of LPA (50 pg) in animals treated with
either LPA antagonist Ki16425 (i.p. injection 1 h prior to LPA injection) or vehicle (i.p.
injection 1 h prior to LPA injection). Values represent the mean + SEM (n=8 /group). p
=0.6275; unpaired two-tailed students T-test.
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3.3 INTERACTIONS BETWEEN SYSTEMIC Ki16425 AND LPA-INDUCED
AFFERENT DEMYELINATION

The above results implicated LPA in peripheral sensitization and we now sought to
determine if this pain was neuropathic in nature. Initially, we set out to determine if the
pain behaviour mediated by LPA was associated with demyelination of joint afferent
axons. Previous research found centrally administered (i.t.) LPA to elicit pain through
demyelination (Inoue, 2004); to determine if peripherally administered LPA elicits pain
in a similar manner, Transmission Electron Microscope (TEM) analysis was utilized. It
was determined that administration of LPA into the knee joint did not cause
demyelination of local afferent axons in the saphenous nerve 24 h after LPA injection
(Figure 3.5 and 3.6). The G-ratio for animals co-treated with the LPA;_; antagonist
Kil6425 (i.p.) and LPA (i.a.) showed no statistical difference compared to animals
administered LPA (i.a.) and a vehicle control (i.p.) (p = 0.4253; unpaired two-tailed
students T-test) (Figure 3.6). Similar to the behavioral analysis, a reduction in
demyelination (through G-ratio analysis) is trending and increasing the amount of

animals analyzed may generate statistical significance.
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A) LPA + Vehicle B) LPA + LPA Antagonist

Figure 3.5 Transmission Electron Microscope cross sections of saphenous nerves (24
h). Transmission Electron Microscope (TEM) cross sections of saphenous nerves (110
nm) of animals administered with LPA (50 pg) and co-treated with A) Vehicle, or B)
LPA antagonist Ki16425 (30 mg/kg; i.p.) at 2500x magnification and C) Vehicle, or, D)
LPA antagonist Ki16425 (30 mg/kg; i.p.) at 15000x magnification.
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Figure 3.6 LPA antagonist does not impact peripheral nerve demyelination.
Histogram shows a comparison of myelination of saphenous nerves, as determined by G-
ratio analysis, between LPA antagonist Kil6425-treated animals and vehicle-treated
animals at 24 h post-LPA (50 pg) injection. Values represent the mean = SEM (n= 91 for
vehicle, n= 144 for LPA antagonist). p = 0.4253; unpaired two-tailed students T-test.
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3.4 CHRONIC NOCICEPTIVE EFFECTS OF LPA

Administration of LPA into the knee joint appears to elicit acute nociception (Figure
3.1). However, as OA presents as a chronic condition clinically, to accurately represent
this in a pre-clinical model, characterization of LPA’s chronic effects in the knee joint
was undertaken.

It was found that a single i.a. injection of LPA failed to maintain peripheral
sensitization, at both 50 pg and 150 pg doses, as ipsilateral hindlimb weight-bearing
returned to baseline levels 21 days post injection (Figure 3.7).

At the 50 pg dose the largest shift in weight-bearing onto the contralateral hindlimb,
observed on day 3, was completely abolished by day 21, as measurements returned to
baseline measurements. A150 pg i.a. injection of LPA into the knee joint failed to
produce any significant changes in weight bearing throughout the course of the study
(Figure 3.7).

Tactile allodynia was determined to reach a heightened level of sensitization at day
14 after injection of LPA (50 pg), although returning to baseline level by day 21 (Figure
3.8). A higher dose of LPA (150 pg) failed to initiate allodynia throughout the course of
the study (Figure 3.8).
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Figure 3.7 LPA does not induce chronic change in weight-bearing. Time course of
the effect of intra-articular injection of LPA at 50 pg and 150 pg on distribution of hind
limb weight-bearing. Values represent the mean + SEM (n=8 for 50 pg and 150 ng).
Repeated measures ANOVA.
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Figure 3.8 LPA does not induce chronic secondary allodynia. Time course of the
effect of intra-articular injection of LPA at 50 pug and 150 pg on force required to elicit a
paw withdrawal. Values represent the mean + SEM (n=8 for 50 ug and 150 pg).
Repeated measure ANOVA.
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3.5 Kil16425 FAILED TO PREVENT MIA-INDUCED NOCICEPTION
Systemic administration of Ki16425 (30 mg/kg, i.p.), one hour prior to OA induction,

failed to ameliorate MIA-induced hindlimb incapacitance (Figure 3.9). Marked decreases
in the amount of force placed on the ipsilateral hindlimb of both Ki16425 (40.7 %) (p <
0.001; one-way ANOVA and Bonferonni post-hoc test) and vehicle-treated groups (42.09
%) (p <0.001; one-way ANOVA and Bonferonni post-hoc test) (Figure 3.9) were noted
14 days after OA induction compared to naive baseline controls (51.92 %).

Similarly, systemic administration of Kil6425 (30 mg/kg) failed to prevent the
secondary allodynia caused by MIA (Figure 3.10). The vehicle control group
demonstrated a 24 % change from baseline in the amount of force require elicit a
withdrawal response, compared with the Kil6425-treated group that demonstrated a 15 %
change from baseline (p = 0.6006; unpaired two-tailed students T-test) (Figure 3.10).
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Figure 3.9 LPA antagonism does not prevent MIA-induced change in weight-
bearing. Histogram shows a comparison of distribution in hind limb weight-bearing at
14 days post MIA injection (3 mg) in animals treated with the LPA antagonist Ki16425
or vehicle (i.p. injection at 1 h pre-MIA injection). Values represent the mean + SEM
(n=8 for all groups). ***p<0.001 compared to naive baseline; one-way ANOVA and
Bonferonni post-hoc test.
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Figure 3.10 LPA antagonism does not prevent MIA-induced secondary allodynia.
Histogram shows a comparison of percent (%) change from baseline in force required to
elicit withdrawal at 14 days post MIA injection in animals treated with LPA antagonist
Ki16425 or vehicle (i.p. injection 1 h pre-MIA injection). Values represent the mean +
SEM (n=8 /group). p = 0.6006; unpaired two-tailed students T-test.
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3.6 EFFECTS OF SYSTEMIC Ki16425 ON MIA-INDUCED PERIPHERAL
NERVE DEMYELINATON

As determined through Transmission Electron Microscopy (TEM), i.a. injection
of MIA caused observable demyelination of axons in the saphenous nerve (Figure 3.11).
These morphological changes were quantified between Kil16425 treated animals (0.57)
and vehicle controls (0.61) by G-ratio analysis and demyelination was confirmed (Figure
3.12). Systemic administration of LPA_; antagonist Ki16425 (30 mg/kg; i.p.) attenuated
the demyelinating affect of MIA, indicating it is mediated through LPA 3 receptors (p <
0.0039; unpaired two-tailed students T-test) (Figure 3.12).
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A) MIA + Vehicle B) MIA + LPA Antagonist

Figure 3.11 Transmission Electron Microscope of saphenous nerves of animals co-
treated with Kil16425 and MIA (14 d). Transmission Electron Microscope (TEM) cross
sections of saphenous nerves (110 nm) of animals administered with MIA (3 mg) and co-
treated with A) Vehicle, or B) LPA antagonist Ki16425 (30 mg/kg; i.p.) at 2500x
magnification and C) Vehicle, or, D) LPA antagonist Ki16425 (30 mg/kg; i.p.) at

15000x magnification.
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Figure 3.12 LPA antagonist Ki1642S5 inhibits peripheral nerve demyelination caused
by MIA. Histogram shows a comparison of myelination of saphenous nerves, as
determined by G-ratio analysis, in animals treated with either the LPA antagonist
Ki16425 or vehicle treated animals 14-day post MIA injection. Values represent the
mean + SEM (n=55 for vehicle, n= 123 for antagonist). ** p =0.0039; unpaired two-
tailed students T-test.
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CHAPTER 4 DISCUSSION

Lack of efficacy of NSAIDs and analgesics in OA patients raises concerns of an
additional pain state present in the disease. Recently, our colleagues at Eli Lilly (Eli Lilly,
Indianapolis, IN) discovered elevated levels of LPA in the synovial fluid of OA patients.
LPA has been concluded to be a chemical signature for the initiation of neuropathic pain
(Ueda, 2011). This finding is therefore a major clinical linkage between OA and
neuropathic pain. In the present study, the novel experimental model of introducing LPA
into the animal knee joint is characterized, and the effects of Ki16425, LPA_; antagonist
are examined. Additionally, the potential therapeutic effects of Ki16425 in the OA

disease model, MIA, are explored.

4.1 VALIDATION OF EXPERIMENTAL PROTOCOL

Behavioural effects of MIA in the present study were comparable to behavioural
changes previously reported using a similar concentration of MIA (Bove et al., 2003).
Previous research, employing retrograde tracers, has determined that joint capsule
disruption during the administration of MIA does not cause MIA to diffuse to
neighbouring tissues (Ferreira-Gomes et al., 2010). Therefore, MIA leaking to
neighbouring tissues was unlikely to cause the demyelination induced by MIA in this
study.

Incapacitance weight-bearing is a widely used, non-invasive method of assessing
musculoskeletal discomfort in the femorotibial joints of animals. The apparatus has been
extensively characterized to accurately model peripheral sensitization in MIA and various
other pre-clinical models of pain (Bove et al., 2003). Additionally, von Frey
algesiometry is a widely used method of modeling secondary allodynia and has been

extensively characterized in models of arthritis (McDougall et al., 2006).

4.2 DRUG DOSING AND ADMINISTRATION
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Previous studies guided our determination of doses of LPA (Inoue et al., 2004),
MIA (Bove et al., 2003), and Ki16425 (Ma, Matsumoto, et al., 2009). We modeled our
dosing of i.a. MIA injections from Bove et al. (2003) who found significant OA effects
with 3mg i.a. injection. Finally, Ma et al. (2009) determined systemic administration of
Kil16425 at 30mg/kg attenuated demyelinating LPA effects when administered 30 or 60

minutes prior to LPA injection, but not at 90 minutes (Ma, Matsumoto, et al., 2009).

4.3 PERIPHERAL ADMINISTRATION OF LPA

In the present study, the introduction of LPA into the knee joint was discovered to
cause alterations to hindlimb weight-bearing at 24 h (Figure 3.1), indicative of peripheral
sensitization. Although LPA was not found to cause secondary allodynia, there was a
reduction in the force required to elicit a hindpaw withdrawal in the group administered
50 pg (-26.9%), compared to naive baseline measurements. Comparatively, only a
minimal reduction in the amount of force required to elicit a hindpaw controls (-4.9%)
was noted in vehicle controls.

A prophylactic dose of LPA | 3 receptor antagonist Ki16425 (30mg/kg) was found
to not inhibit alterations to hindlimb weight-bearing, caused by introduction of LPA into
the knee joint, when compared to vehicle controls. Interestingly however, the LPA-
induced alteration to weight-bearing demonstrated in the first study was not recapitulated
in the second cohort of animals. Therefore, the absence of statistical significance
between groups may not be due to the lack of efficacy of Ki16425, but rather, the absence
of LPA-induced nociception in vehicle controls.

Ki16425 (30mg/kg) also failed to attenuate secondary allodynia when compared
to vehicle controls (Figure 3.4). However, animals treated with Ki16425 demonstrated a
much lower change in the force required to elicit paw withdrawal of -9.5% (from
baseline) compared to vehicle controls (-15.9%). Although these values are not
statistically significant, they are trending on significance. This difference amongst
groups may be highlighted with the addition of animals into the cohort.

As LPA has previously been characterized to initiate neuropathic pain through
demyelination (Inoue, 2004), myelinated joint afferents were examined following the

introduction of LPA into the knee joint. Transmission electron microscopic (TEM)
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analysis determined there to be no difference in the G-ratio of saphenous nerves of
animals treated with LPA + Ki16425 (0.52) compared to LPA + vehicle controls (0.53)
(Figure 3.6). However, the absence of effect may not be due to the inability of Ki16425
to offer protection from demyelination, but rather, the time course in which it was
examined. LPA most likely requires longer than 24 h to cause demyelination, and in the
present study, no significant difference was found when Kil6425-treated animals were
compared to vehicle controls perhaps because the demyelinating effects of LPA had not
been fully developed in the control animals.

Although the preliminary studies of LPA did not produce statistically significant
findings, most trended on significance and will most likely find confirmation upon the
addition of more animals into the experimental groups and the examination of

demyelinating effects at a later time point.

4.4 LPA-INDUCED CHRONIC NOCICEPTION

The present study determined that a single i.a. injection of LPA (50ug or 150ug)
failed to augment chronic nociception (Figure 3.7). Neither peripheral nor central
sensitization was elicited in animals throughout the duration of the experiment. One
explanation for the lack of effect is an inadequate amount of time for a single i.a.
injection to elicit effects within the joint, as the knee joint is highly regulated by the
lymphatic system. This strict regulation would cause exogenous LPA to be flushed from
the synovial environment before it elicited activation of the LPA receptors. This
regulation is also experienced in human synovial joints, and is the reason why i.a.
therapies require constant re-administration to elicit full therapeutic effects (Allen et al.,
2010).

Furthermore, LPA in the periphery may not utilize the deleterious feed-forward
production mechanisms that occur in the CNS. Endogenous LPA production is known to
occur through extracellular binding of LPA to the LPA; receptor (Ma, Uchida, et al.,
2009). LPAj; receptors are located primarily on microglia (Table 4), which become
upregulated in the spinal cord following peripheral nerve damage (Eriksson et al., 1993).
Upon activation, LPAj initiates an intracellular signaling cascade, which culminates in

the conversion of PC to LPC, which is then released into the extracellular matrix and
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hydrolyzed into LPA. This feed-forward production loop justifies how nociception,
elicited through i.t. injections of exogenous LPA into the spinal column, is not
recapitulated through an i.a. injection into the knee joint. Although LPA is known to
exert effects in the periphery, a single i.a. injection most likely does not utilize the feed-
forward production processes, as in the CNS, failing to recruit an adequate amount of
LPA to initiate a persistent pain state. Future studies should examine repeated injections
of LPA to ensure an adequate amount of the phospholipid is present in the joint to elicit

actions.

4.5 NEUROPATHIC COMPONENT TO MIA EXPERIMENTAL MODEL

Previous studies have implicated a neuropathic component to the experimental
OA MIA model. As LPA has been linked to the initiation of neuropathic pain (Inoue et
al., 2004), in the present study we attempted to characterize it’s role in disease
progression.

Prophylactic treatment of Ki16425 failed to ameliorate MIA-induced alterations
to weight-bearing (Figure 3.9). As MIA has been characterized to express robust bi-
phasic inflammatory components, it stands to reason that the peripheral sensitization
experienced in this model is mediated through factors other than LPA. However, animals
treated with Ki16425 demonstrated a lower change from baseline values (-15.1%)
compared to vehicle treated controls (-23.9%) (Figure 3.10). Although not statistically
significant, these results are trending and with the addition of more animals into the
cohorts, a significant difference will most likely be found.

Interestingly, upon TEM analysis of myelinated joint afferents, it was determined
that introduction of MIA into the knee joint causes demyelination of peripheral nerves
and this demyelination was attenuated by Ki16425. Through G-ratio analysis, it was
determined that the saphenous nerves of animals administered a prophylactic dose of
Ki16425 (30 mg/kg) possessed more myelin (0.57) than vehicle treated controls (0.61)
two weeks after MIA induction (Figure 3.12).

Although it has been speculated widely in previous studies, this is the first time, to

our knowledge, that the demyelinating effects of MIA have been quantified.
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Furthermore, the present study characterized LPA |3 receptors to mediate MIA-induced

demyelination and concomitant neuropathic pain.

4.6 CURRENT UNDERSTANDING OF LPA
4.6.1 Effects of LPA in the periphery

Although LPA has previously been demonstrated to initiate neuropathic pain
following i.t. administration into the spinal column (Inoue et al., 2004), this is the first
study which examined its effects in the periphery. The finding that administration of
LPA into the knee joint elicits nociception is novel in itself. Although, LPA was not
demonstrated to generate central sensitization, the complete characteristics of LPA may
not have been fully characterized within this study. Woolf et al. has determined central
sensitization to occur after prolonged peripheral stimulation (Woolf & Salter, 2000). As
behavioral testing was conducted 24 h after LPA injections, the present study may not
have allowed enough time for peripheral nociception to generate concomitant central
sensitization. Subsequent studies examining tactile allodynia at later time points will
better characterize the central sensitization that accompanies LPA-induced nociception in

the periphery.

4.6.2 Neuropathic pain in OA

Recent pre-clinical studies using both chemical (Ivanavicius et al., 2007; Okun et
al., 2012; Orita et al., 2011; Thakur et al., 2012) and surgical OA induction (Im et al.,
2010) as well as clinical studies (Hochman et al., 2010; Ohtori et al., 2012) have
implicated a neuropathic pain component to OA pain. Ivanavicius et al. (2007)
demonstrated injection of MIA into the femorotibial joint generated an upregulation of
ATF-3 in DRG cells. As upregulation of ATF-3 is indicative of damage to joint afferents
(Tsyjino et al., 2000), this finding implies a neuropathic pain component exists in the
MIA model. Similarly, clinical studies utilizing focus groups discovered OA patients use
descriptors such as “pins & needles, tingling sensation” to describe the pain experienced.
Interestingly, these descriptors were also commonly used in neuropathic diseases. The
investigators determined that 34% of the OA patients included in the experiment

experienced neuropathic pain (Hochman et al., 2010).
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Although implicated, prior to the present study, the exact mechanisms through
which MIA elicits damage to the peripheral nervous system remained unelucidated. As
neuropathic pain is attributed to damage of primary afferent axons leading to the
generation of ectopic action potentials and concomitant phenotypic changes (Bridges et
al., 2001), the quantification of joint afferent demyelination induced by MIA has
significant implications. For the first time, the preliminary mechanisms responsible for
neuropathic pain have been confirmed to occur within an OA experimental model. As
there has been a high correlation between experimental models and the clinical setting
(Arendt-Nielsen et al., 2010), this finding ultimately provides evidence of a neuropathic
component in human OA.

Despite the attenuation of peripheral nerve demyelination by Ki16425, the LPA
antagonist did not attenuate the behavioural alterations, induced by MIA. This confirms
earlier theories that various mediators are involved in MIA-induced nociception.
Vasoactive intestinal peptide (VIP) is known to mediate MIA nociception (McDougall et
al., 2006). Additionally, serine proteinases (e.g. thrombin, trypsin, and mast cell
tryptase), which are released from mast cells during inflammation, have been implicated
in the OA disease process. In addition to hydrolyzing proteins, proteinases are
responsible for the activation of proteinase-activated receptors (PARs), which modulate
joint sensitivity (McDougall et al., 2009) and have been linked to OA disease progression
(Xiang et al., 2006).

The MIA experimental model is understood to model disease process through the
inhibition of glycolysis, which leads to chondrocyte destruction (Bove et al., 2003).
Following chondrocyte destruction, fibrin proteinaceous edema fluid expands the
synovial membrane allowing it to become susceptible to infiltration by exogenous
components including lymphocytes, macrophages, and plasma cells (Bove et al., 2003).
The inflammatory component eventually subsides; however, not before robust
chondrocyte destruction and collapse of necrotic cartilage within the joint has occurred.
Following inflammation, increased osteoclast activity, the collapse of subchondral bone,
and its replacement by fibrous tissue is observed. The robust expression of inflammatory
mediators within the disease model justifies why a single antagonist did not ameliorate

nociception.
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One potential receptor for the mediation of MIA nociception is TRPV1. TRPV1
mediates several forms of nociception and its expression is elevated on the primary
afferent neurons from the knee of rats with MIA-induced OA (Fernihough et al., 2005).
Recently, LPA was discovered to cause TRPV1 receptor activation, independent of LPA
receptors (Nieto-Posadas et al., 2012). TRPV1 is expressed on the peripheral terminal of
nociceptors and has widely been understood to mediate nociceptive processing (Davis et
al., 2000). Demonstration of LPA-mediated TRPV1 channel activation, analogous of
metatrophic receptor activation, links LPA with acute nociception in addition to its
characterized role in chronic neuropathic pain.

As LPA receptors are specific for LPA, the attenuation of demyelination caused
by the MIA experimental model by an LPA antagonist, within the present study, confirms
that LPA mediates, at least part of, the disease progression within this model.

In addition to pre-clinical models, there is evidence that TRPV1 mediates OA
pain in the clinical setting. It has been elucidated that TRPV1 receptors are expressed on
the chondrocytes in the articular cartilage and synovial fibroblasts of OA patients (Engler
et al., 2007; Gavenis et al., 2009) and desensitization of TRPV1 receptors reduces

chronic pain associated with OA (Remadevi et al., 2008).

4.6.3 Potential mechanisms of OA disease progression

4.6.3.1 LPA plays a role in bone formation

A key feature in OA disease progression that ultimately leads to pain is subchondral
bone remodelling. LPA receptors are expressed on human skeletal cells and their
activation leads to abnormal bone formation, as seen in OA (Zhang et al., 1999). This
process is believed to occur through the activation of LPA |, receptors, which are coupled
to Ggi213 and subsequently activate the Rho kinase (Rock) pathway, leading to
cytoskeletal reorganization. Another mechanism by which LPA mediates upregulation of
bone growth is through inhibition of osteocyte destruction (Grey et al., 2002).

In biological conditions, a large percentage of osteoblasts undergo apoptosis (65%),
with only a minority of cells undergoing transformation into osteocytes (cells which
compromise human bone). The disregulation of osteocyte formation may create bone

spurs, commonly developed during OA disease progression.
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4.6.3.2 LPA causes articular cartilage destruction

Chondrocytes, the only cells present in the articular cartilage, undergo strict
regulation of apoptosis and proliferation in order to maintain healthy tissue. Disruption of
this homeostasis leads to structural and chemical changes in the chondrocytes and
cartilage, which ultimately result in a diseased state (Grynpas et al., 1991). LPA receptors
are expressed on the surface of articular chondrocytes (Koolpe et al., 1998). Activation
of LPA receptors in human articular chondrocytes leads to upregulation of calcium stores
and subsequent structural alterations (Koolpe et al., 1998). LPA receptor signalling
mediates both proliferation of chondrocytes and their increased destruction (Facchini et

al., 2005).

4.7 LIMITATIONS
Behavioral measurements were a limitation within the present study. Despite

reproducibility between groups (SD = 2.51; n = 79) in weight-bearing measurements,
there was greater variance in the hindpaw withdrawal measurements (SD = 8.64; n = 79);
and the possibility that several timid animals acted as outliers within these measurements
exists. Although habitualization was conducted in every group, in rare instances, timid
animals may have demonstrated fear-evoked responses, which would have negatively
affected the behavioral data. Although, if this phenomenon had occurred, the large
number of animals within each cohort should have compensated for this confounder.

The present study examined the saphenous nerve to determine the demyelinating
effects of compounds administered into the knee joint. However, the saphenous nerve is
a mixed sensory and motor nerve that innervates many structures including joints.
Although it is possible that the demyelination observed within the present study was
generated from non-joint afferents, they are most likely not responsible for these
damaging effects, as the exogenous compounds were administered into the knee joint.

Quantitative analysis of nerve fibre morphology is a key investigative tool in
peripheral nerve damage. Several geometrical parameters may be assessed to determine
damage to peripheral nerves, however, the G-ratio has previously been found to be the
only parameter that statistically correlates to nerve functionality (Kanaya et al., 1996).

Five sources of bias exist when analyzing peripheral nerve morphology (Geuna et al.,
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2001): 1) strain, gender, and age of the animals examined, 2) the point along the nerve
axis that is examined, 3) the location of the sampling fields within the nerve cross-
section, 4) the inclusion-exclusion rules for sampling fibres within the field, and 5) the
method for measuring parameters.

The first two sources of bias are related to study design and have been managed in
the present study by the examination of male Sprague-Dawley (SD) rats of the same age
and examining several points along the saphenous nerve axis. The third source of bias
was addressed by the sectioning of the nerve cross-section onto TEM metal grids the
tissue was mounted on following fixation. Nerve fibres in several grids, spanning the
entire width of the cross-section were examined in all samples. By using an examiner
blinded to the treatment groups, to evaluate all of the nerve fibres within the study,
consistency in the sampling of fibres between groups was ensured. Lastly, using a
computer program to calculate G-ratios of nerve fibres ensured the measuring parameters

were consistent amongst groups.

4.8 FUTURE DIRECTIONS
4.8.1 MIA concentration

The use of chemical-induced OA is heavily debated, as disease severity may be
easily manipulated through alteration of the concentration of monosodium iodoacetate
injected into the joint (Schuelert et al., 2009). Arguments for various concentrations have
been made for the correct modeling of clinical symptoms. The concentration of MIA
utilized in the present study (3 mg) is widely used in pre-clinical studies of OA pain.
However, other concentrations have been noted to elicit a pain state that resembles
neuropathic pain in animals. Okun et al. (2012) has previously demonstrated injection of
4.8 mg of MIA elicits a continuous pain state that is driven by primary afferent fibres. As
the hypothesized effects of LPA is the induction of a neuropathic pain state in OA
patients, a disease model which generates pain mediated through primary afferents would
be an ideal model to characterize its effects.

Arguments have been made to the accuracy of high concentrations of MIA in

modeling the clinical presentation of OA, as disease progression occurs at much faster
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rates than in clinical settings. However, to thoroughly characterization the effects of
LPA 3 activation in OA, examination of the effects elicited through higher

concentrations of MIA are worth investigating.

4.8.2 LPA;; antagonist Kil16425

Although dosing of Ki16425 in the present study is modeled from previous
research, which found systemic administration of Ki16425 (30 mg/kg) to attenuate
neuropathic pain elicited through LPA induction, the method of LPA delivery differs
from those previously employed. As this is the first time the effects of peripherally
administered LPA were examined, and the first time its actions on MIA progression were
analyzed, alternative dosing of Ki16425 may be required to elicit complete antagonism of
LPA receptors. Subsequent studies using additional doses of systemically administered
Ki16425 are required to accurately characterize the potential therapeutic effects of the
compound in OA pain.

LPA has been demonstrated to activate the peripheral TRPV1 receptor, a known
mediator in the pain pathway; therefore, additional studies combining Kil6425 with a
TRPV1 antagonist would be worth examining. Attenuation of LPA-induced acute
nociception through a TRPV1 antagonist may further link peripheral LPA to the

sensitization experienced in early OA progression.

4.8.3 Animal species

4.8.3.1 Strain differences

A more likely explanation for the lack of chronic pain experience through
peripheral administration of LPA is the innate resistance in the strain of animal used in
the present study. Although SD rats are a common strain for preclinical models,
demonstrating a high induction rate of neuropathic pain (De Felice et al., 2011), their
success has been strictly with surgical models. Previous research has found SD rats fail
to demonstrate neuropathic pain through chemical induction (Banik et al., 2001; Zhu et
al., 1998). As the LPA model is an attempt to generate neuropathic pain through
chemical induction, specific genetic variances in SD rats may prevent the manifestation

of pain. Therefore, further experimentation with additional strains that have
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demonstrated vulnerability to chemical induction (i.e. Lewis rats) should be carried out to

determine if peripheral administration of LPA does in fact initiate chronic pain.

4.8.3.2 LPA receptors

The five cognate G-protein cell surface receptors with affinity for LPA in humans
are also expressed in mice; the expression of the receptors throughout organ systems in
mice mirrors that in humans. Rats, however, have only been characterized to express
LPA; ;. Although LPA, ; are the focus of the present study, LPAs has been implicated in
the conversion of acute nociceptive pain to chronic nociceptive pain in mice (Lin et al.,
2012). Expressed in the DRG and spinal cord dorsal horn neurons of mice, although
exerting different mechanisms than LPA, activation of LPAs leads to neuropathic pain
(Lin et al., 2012). The present study did not explore the roles of LPAs in the induction of
neuropathic pain; however, the absence of this cognate receptor may explain the failure
of pain induction in vehicle treated control groups (Figure 3.3). Therefore, future studies
should utilize the mouse model to examine the role of LPA5 in the neuropathic

component of OA.

4.8.4 Behavioral assessment

Neuropathic pain is characterized by allodynia, hyperalgesia, and hyposensitivity
in the clinical setting. Extensive testing has been utilized to ensure the accuracy of pre-
clinical animal models of neuropathic pain and OA. Overall, the efficacy of therapeutics
in animals, receiving a preclinical model of neuropathic pain or OA, has closely mirrored
the efficacy demonstrated in the clinical setting. However, although potential drug
candidates have achieved success at alleviating hyperalgesia and allodynia, patients still
experienced neuropathic pain. It is therefore determined that the true cause of
neuropathic pain is the “pain at rest’.

Unfortunately, due to testing constraints, traditional behavioral analyses in
animals have relied solely on the attenuation of stimulus-evoked pain. The advent of the
condition placed paradigm (CPP) has allowed for the measurement of the resting pain
experienced by animals (King et al., 2009). CPP utilizes the innate reward system

associated with pain relief in animals to determine if a potential therapeutic alleviates
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pain at rest. As resting pain is believed to be the source of clinical neuropathic pain,
future studies should utilize CPP to characterize the effects of Ki16425 at alleviating
resting pain.

Furthermore, electrophysiological studies examining the firing of neurons in the
spinal cord, responsible for elicting nociception, may be examined and directly
quantified. Electrophysiological readings may then be correlated to CPP analysis to
better represent the resting pain experienced by animals with neuropathic pain. Together,
these will give a better representation of therapeutic effects of potential drugs at

attenuating resting pain, which ultimately drives neuropathic pain in humans.

4.9 SUMMARY AND CONCLUSIONS

The present work examined the effects of exogenously administered LPA into the
femorotibial joint and the potential therapeutic effects of the LPA antagonist Ki16425 in
an experimental OA model.

Summary:

- L.a. injection of LPA (50 pg) causes disruption of hindlimb weight-bearing

24 h after injection, however does not cause secondary allodynia or
demyelination of joint afferents.

- Ki16425 does not prevent the alterations to hindlimb weight-bearing
caused by LPA.

- L.a. injection of MIA (3 mg) causes disruption of hindlimb weight-bearing,
secondary allodynia, and demyelination of joint afferents.

- Ki16425 does not prevent alterations to hindlimb weight-bearing, nor
secondary allodynia, but does prevent demyelination of joint
afferents.

Conclusions:

- Therefore, demyelination is not required for changes in hindlimb weight-
bearing or secondary allodynia induced by MIA or LPA.

- Alterations to hindlimb weight-bearing and secondary allodynia are

LPA,; —independent when induced through MIA.
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- Secondary allodynia is LPA independent.

Although differences exist between rodent species and humans, efficacy of
therapeutics in experimental models of neuropathic pain have demonstrated high
correlation to the efficacy demonstrated in patients experiencing neuropathic pain and
also OA pain. Similarly, hyperalgesia and secondary allodynia (referred pain) induced in
experimental animal models of OA, have been demonstrated in OA patients (Arendt-
Nielson, 2010). Therefore, the evidence of LPA potentiating the aetiology of OA in
animal models holds tremendous significance for its role in clinical OA. The findings in
the present study, in conjunction with elevated levels of LPA in the synovial fluid of OA
patients, presents strong evidence for the role of this phospholipid in the initiation of a
neuropathic component in OA pain, through demyelination of joint afferents, and other

potential mechanisms in disease progression.

85



BIBLIOGRAPHY

Allen, K. D., Adams, S. B., & Setton, L. A. (2010). Evaluating intra-articular drug
delivery for the treatment of osteoarthritis in a rat model. Tissue Eng Part B Rev,
16(1), 81-92. doi: 10.1089/ten.teb.2009.0447

Amir, R., Kocsis, J. D., & Devor, M. (2005). Multiple interacting sites of ectopic spike
electrogenesis in primary sensory neurons. J Neurosci, 25(10), 2576-2585. doi:
10.1523/JNEUROSCI.4118-04.2005

Andersson, D. A., Gentry, C., Alenmyr, L., Killander, D., Lewis, S. E., Andersson, A.,
Bucher, B., Galzi, J. L., Sterner, O., Bevan, S., Hogestatt, E. D., & Zygmunt, P.
M. (2011). TRPA1 mediates spinal antinociception induced by acetaminophen
and the cannabinoid Delta(9)-tetrahydrocannabiorcol. Nat Commun, 2, 551. doi:
10.1038/ncomms1559

Aoki, J., Inoue, A., & Okudaira, S. (2008). Two pathways for lysophosphatidic acid
production. Biochim Biophys Acta, 1781(9), 513-518. doi:
10.1016/j.bbalip.2008.06.005

Arendt-Nielsen, L., Nie, H., Laursen, M. B., Laursen, B. S., Madeleine, P., Simonsen, O.
H., & Graven-Nielsen, T. (2010). Sensitization in patients with painful knee
osteoarthritis. Pain, 149(3), 573-581. doi: 10.1016/j.pain.2010.04.003

Baba, H., Ji, R. R., Kohno, T., Moore, K. A., Ataka, T., Wakai, A., Okamoto, M., &
Woolf, C. J. (2003). Removal of GABAergic inhibition facilitates polysynaptic A
fiber-mediated excitatory transmission to the superficial spinal dorsal horn. Mol
Cell Neurosci, 24(3), 818-830.

Baker, K., Grainger, A., Niu, J., Clancy, M., Guermazi, A., Crema, M., Hughes, L.,
Buckwalter, J., Wooley, A., Nevitt, M., & Felson, D. T. (2010). Relation of
synovitis to knee pain using contrast-enhanced MRIs. Ann Rheum Dis, 69(10),
1779-1783. doi: 10.1136/ard.2009.121426

Banik, R. K., Sato, J., Yajima, H., & Mizumura, K. (2001). Differences between the
Lewis and Sprague-Dawley rats in chronic inflammation induced norepinephrine
sensitivity of cutaneous C-fiber nociceptors. Neurosci Lett, 299(1-2), 21-24.

Bendele, A. M. (2001). Animal models of osteoarthritis. J Musculoskelet Neuronal
Interact, 1(4), 363-376.

Berenbaum, F. (2013). Osteoarthritis as an inflammatory disease (osteoarthritis is not
osteoarthrosis!). Osteoarthritis Cartilage, 21(1), 16-21. doi:
10.1016/j.joca.2012.11.012

Bove, S. E., Calcaterra, S. L., Brooker, R. M., Huber, C. M., Guzman, R. E., Juneau, P.
L., Schrier, D. J., & Kilgore, K. S. (2003). Weight bearing as a measure of disease
progression and efficacy of anti-inflammatory compounds in a model of
monosodium iodoacetate-induced osteoarthritis. Osteoarthritis Cartilage, 11(11),
821-830.

Brandt, K. D., Dieppe, P., & Radin, E. L. (2008). Etiopathogenesis of osteoarthritis.
Rheum Dis Clin North Am, 34(3), 531-559. doi: 10.1016/j.rdc.2008.05.011

Brandt, K. D., Mazzuca, S. A., & Buckwalter, K. A. (2006). Acetaminophen, like
conventional NSAIDs, may reduce synovitis in osteoarthritic knees.
Rheumatology (Oxford), 45(11), 1389-1394. doi: 10.1093/rheumatology/kel100

86



Bridges, D., Thompson, S. W., & Rice, A. S. (2001). Mechanisms of neuropathic pain. Br
J Anaesth, 87(1), 12-26.

Cao, Y. Q. (2006). Voltage-gated calcium channels and pain. Pain, 126(1-3), 5-9. doi:
10.1016/5.pain.2006.10.019

Cawston, T. E., & Wilson, A. J. (2006). Understanding the role of tissue degrading
enzymes and their inhibitors in development and disease. Best Pract Res Clin
Rheumatol, 20(5), 983-1002. doi: 10.1016/j.berh.2006.06.007

Cheng, D. S., & Visco, C. J. (2012). Pharmaceutical therapy for osteoarthritis. PM R, 4(5
Suppl), S82-88. doi: 10.1016/j.pm1j.2012.02.009

Choti, J. W., Herr, D. R., Noguchi, K., Yung, Y. C., Lee, C. W., Mutoh, T., Lin, M. E.,
Teo, S. T., Park, K. E., Mosley, A. N., & Chun, J. (2010). LPA receptors:
subtypes and biological actions. Annu Rev Pharmacol Toxicol, 50, 157-186. doi:
10.1146/annurev.pharmtox.010909.105753

Classification of chronic pain. Descriptions of chronic pain syndromes and definitions of
pain terms. Prepared by the International Association for the Study of Pain,
Subcommittee on Taxonomy. (1986). Pain Suppl, 3, S1-226.

Costigan, M., Scholz, J., & Woolf, C. J. (2009). Neuropathic pain: a maladaptive
response of the nervous system to damage. Annu Rev Neurosci, 32, 1-32. doi:
10.1146/annurev.neuro.051508.135531

Davis, J. B., Gray, J., Gunthorpe, M. J., Hatcher, J. P., Davey, P. T., Overend, P., Harries,
M. H., Latcham, J., Clapham, C., Atkinson, K., Hughes, S. A., Rance, K., Grau,
E., Harper, A. J., Pugh, P. L., Rogers, D. C., Bingham, S., Randall, A., &
Sheardown, S. A. (2000). Vanilloid receptor-1 is essential for inflammatory
thermal hyperalgesia. Nature, 405(6783), 183-187. doi: 10.1038/35012076

De Felice, M., Sanoja, R., Wang, R., Vera-Portocarrero, L., Oyarzo, J., King, T.,
Ossipov, M. H., Vanderah, T. W., Lai, J., Dussor, G. O., Fields, H. L., Price, T. J.,
& Porreca, F. (2011). Engagement of descending inhibition from the rostral
ventromedial medulla protects against chronic neuropathic pain. Pain, 152(12),
2701-2709. doi: 10.1016/j.pain.2011.06.008

Dickenson, A. H., & Sullivan, A. F. (1987). Evidence for a role of the NMDA receptor in
the frequency dependent potentiation of deep rat dorsal horn nociceptive neurones
following C fibre stimulation. Neuropharmacology, 26(8), 1235-1238.

Dingledine, R., Borges, K., Bowie, D., & Traynelis, S. F. (1999). The glutamate receptor
ion channels. Pharmacol Rev, 51(1), 7-61.

Donaldson, L. F., Harmar, A. J., McQueen, D. S., & Seckl, J. R. (1992). Increased
expression of preprotachykinin, calcitonin gene-related peptide, but not
vasoactive intestinal peptide messenger RNA in dorsal root ganglia during the
development of adjuvant monoarthritis in the rat. Brain Res Mol Brain Res, 16(1-
2), 143-149.

Dunaway, D. J., Steensen, R. N., Wiand, W., & Dopirak, R. M. (2005). The sartorial
branch of the saphenous nerve: its anatomy at the joint line of the knee.
Arthroscopy, 21(5), 547-551. doi: 10.1016/j.arthro.2005.02.019

Engler, A., Aeschlimann, A., Simmen, B. R., Michel, B. A., Gay, R. E., Gay, S., &
Sprott, H. (2007). Expression of transient receptor potential vanilloid 1 (TRPV1)
in synovial fibroblasts from patients with osteoarthritis and rheumatoid arthritis.
Biochem Biophys Res Commun, 359(4), 884-888. doi: 10.1016/j.bbrc.2007.05.178

87



Eriksson, N. P., Persson, J. K., Svensson, M., Arvidsson, J., Molander, C., & Aldskogius,
H. (1993). A quantitative analysis of the microglial cell reaction in central
primary sensory projection territories following peripheral nerve injury in the
adult rat. Exp Brain Res, 96(1), 19-27.

Facchini, A., Borzi, R. M., & Flamigni, F. (2005). Induction of ornithine decarboxylase
in T/C-28a2 chondrocytes by lysophosphatidic acid: signaling pathway and
inhibition of cell proliferation. FEBS Lett, 579(13), 2919-2925. doi:
10.1016/;.febslet.2005.04.044

Fernihough, J., Gentry, C., Bevan, S., & Winter, J. (2005). Regulation of calcitonin gene-
related peptide and TRPV1 in a rat model of osteoarthritis. Neurosci Lett, 388(2),
75-80. doi: 10.1016/j.neulet.2005.06.044

Ferreira-Gomes, J., Adaes, S., Sarkander, J., & Castro-Lopes, J. M. (2010). Phenotypic
alterations of neurons that innervate osteoarthritic joints in rats. Arthritis Rheum,
62(12), 3677-3685. doi: 10.1002/art.27713

Freeman, M. A., & Wyke, B. (1967). The innervation of the knee joint. An anatomical
and histological study in the cat. J Anat, 101(Pt 3), 505-532.

Fujita, R., Kiguchi, N., & Ueda, H. (2007). LPA-mediated demyelination in ex vivo
culture of dorsal root. Neurochem Int, 50(2), 351-355. doi:
10.1016/j.neuint.2006.09.003

Gavenis, K., Schumacher, C., Schneider, U., Eisfeld, J., Mollenhauer, J., & Schmidt-
Rohlfing, B. (2009). Expression of ion channels of the TRP family in articular
chondrocytes from osteoarthritic patients: changes between native and in vitro
propagated chondrocytes. Mol Cell Biochem, 321(1-2), 135-143. doi:
10.1007/s11010-008-9927-x

Geuna, S., Tos, P., Guglielmone, R., Battiston, B., & Giacobini-Robecchi, M. G. (2001).
Methodological issues in size estimation of myelinated nerve fibers in peripheral
nerves. Anat Embryol (Berl), 204(1), 1-10.

Grey, A., Chen, Q., Callon, K., Xu, X., Reid, I. R., & Cornish, J. (2002). The
phospholipids sphingosine-1-phosphate and lysophosphatidic acid prevent
apoptosis in osteoblastic cells via a signaling pathway involving G(i) proteins and
phosphatidylinositol-3 kinase. Endocrinology, 143(12), 4755-4763.

Grynpas, M. D., Alpert, B., Katz, 1., Lieberman, 1., & Pritzker, K. P. (1991). Subchondral
bone in osteoarthritis. Calcif Tissue Int, 49(1), 20-26.

Hadler, N. M. (1992). Knee pain is the malady--not osteoarthritis. Ann Intern Med,
116(7), 598-599.

Hannan, M. T., Felson, D. T., & Pincus, T. (2000). Analysis of the discordance between
radiographic changes and knee pain in osteoarthritis of the knee. J Rheumatol,
27(6), 1513-1517.

Haugen, I. K., Englund, M., Aliabadi, P., Niu, J., Clancy, M., Kvien, T. K., & Felson, D.
T. (2011). Prevalence, incidence and progression of hand osteoarthritis in the
general population: the Framingham Osteoarthritis Study. A4nn Rheum Dis, 70(9),
1581-1586. doi: 10.1136/ard.2011.150078

Heyneman, C. A., Lawless-Liday, C., & Wall, G. C. (2000). Oral versus topical NSAIDs
in rheumatic diseases: a comparison. Drugs, 60(3), 555-574.

88



Hochman, J. R., French, M. R., Bermingham, S. L., & Hawker, G. A. (2010). The nerve
of osteoarthritis pain. Arthritis Care Res (Hoboken), 62(7), 1019-1023. doi:
10.1002/acr.20142

Huang, J., Zhang, X., & McNaughton, P. A. (2006). Modulation of temperature-sensitive
TRP channels. Semin Cell Dev Biol, 17(6), 638-645. doi:
10.1016/j.semcdb.2006.11.002

Hunt, S. P., & Mantyh, P. W. (2001). The molecular dynamics of pain control. Nat Rev
Neurosci, 2(2), 83-91. doi: 10.1038/35053509

Hurley, R. W., & Hammond, D. L. (2000). The analgesic effects of supraspinal mu and
delta opioid receptor agonists are potentiated during persistent inflammation. J
Neurosci, 20(3), 1249-1259.

Ikeda, H., Heinke, B., Ruscheweyh, R., & Sandkuhler, J. (2003). Synaptic plasticity in
spinal lamina I projection neurons that mediate hyperalgesia. Science, 299(5610),
1237-1240. doi: 10.1126/science.1080659

Im, H. J., Kim, J. S., Li, X., Kotwal, N., Sumner, D. R., van Wijnen, A. J., Davis, F. J.,
Yan, D., Levine, B., Henry, J. L., Desevre, J., & Kroin, J. S. (2010). Alteration of
sensory neurons and spinal response to an experimental osteoarthritis pain model.
Arthritis Rheum, 62(10), 2995-3005. doi: 10.1002/art.27608

Inoue, M., Ma, L., Aoki, J., & Ueda, H. (2008). Simultaneous stimulation of spinal NK1
and NMDA receptors produces LPC which undergoes ATX-mediated conversion
to LPA, an initiator of neuropathic pain. J Neurochem, 107(6), 1556-1565. doi:
10.1111/5.1471-4159.2008.05725.x

Inoue, M., Rashid, M. H., Fujita, R., Contos, J. J., Chun, J., & Ueda, H. (2004). Initiation
of neuropathic pain requires lysophosphatidic acid receptor signaling. Nat Med,
10(7), 712-718. doi: 10.1038/nm1060

Ivanavicius, S. P., Ball, A. D., Heapy, C. G., Westwood, F. R., Murray, F., & Read, S. J.
(2007). Structural pathology in a rodent model of osteoarthritis is associated with
neuropathic pain: increased expression of ATF-3 and pharmacological
characterisation. Pain, 128(3), 272-282. doi: 10.1016/j.pain.2006.12.022

Julius, D., & Basbaum, A. L. (2001). Molecular mechanisms of nociception. Nature,
413(6852),203-210. doi: 10.1038/35093019

Kanaya, F., Firrell, J. C., & Breidenbach, W. C. (1996). Sciatic function index, nerve
conduction tests, muscle contraction, and axon morphometry as indicators of
regeneration. Plast Reconstr Surg, 98(7), 1264-1271, discussion 1272-1264.

Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J. P., & Fahmi, H. (2011). Role
of proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat Rev
Rheumatol, 7(1), 33-42. doi: 10.1038/nrrheum.2010.196

Kim, C. H., Oh, Y., Chung, J. M., & Chung, K. (2001). The changes in expression of
three subtypes of TTX sensitive sodium channels in sensory neurons after spinal
nerve ligation. Brain Res Mol Brain Res, 95(1-2), 153-161.

King, T., Vera-Portocarrero, L., Gutierrez, T., Vanderah, T. W., Dussor, G., Lai, J.,
Fields, H. L., & Porreca, F. (2009). Unmasking the tonic-aversive state in
neuropathic pain. Nat Neurosci, 12(11), 1364-1366. doi: 10.1038/nn.2407

&9



Koolpe, M., Rodrigo, J. J., & Benton, H. P. (1998). Adenosine 5'-triphosphate, uridine 5'-
triphosphate, bradykinin, and lysophosphatidic acid induce different patterns of
calcium responses by human articular chondrocytes. J Orthop Res, 16(2), 217-
226. doi: 10.1002/jor.1100160209

Lin, M. E., Rivera, R. R., & Chun, J. (2012). Targeted deletion of LPAS identifies novel
roles for lysophosphatidic acid signaling in development of neuropathic pain. J
Biol Chem, 287(21), 17608-17617. doi: 10.1074/jbc.M111.330183

Little, C. B., & Zaki, S. (2012). What constitutes an "animal model of osteoarthritis"--the
need for consensus? Osteoarthritis Cartilage, 20(4), 261-267. doi:
10.1016/j.joca.2012.01.017

Lucifora, S., Willcockson, H. H., Lu, C. R., Darstein, M., Phend, K. D., Valtschanoff, J.
G., & Rustioni, A. (2006). Presynaptic low- and high-affinity kainate receptors in
nociceptive spinal afferents. Pain, 120(1-2), 97-105. doi:
10.1016/j.pain.2005.10.018

Ma, L., Matsumoto, M., Xie, W., Inoue, M., & Ueda, H. (2009). Evidence for
lysophosphatidic acid 1 receptor signaling in the early phase of neuropathic pain
mechanisms in experiments using Ki-16425, a lysophosphatidic acid 1 receptor
antagonist. J Neurochem, 109(2), 603-610. doi: 10.1111/1.1471-
4159.2009.05987.x

Ma, L., Uchida, H., Nagai, J., Inoue, M., Chun, J., Aoki, J., & Ueda, H. (2009).
Lysophosphatidic acid-3 receptor-mediated feed-forward production of
lysophosphatidic acid: an initiator of nerve injury-induced neuropathic pain. Mol
Pain, 5, 64. doi: 10.1186/1744-8069-5-64

Marshall, K. W. (2000). Intra-articular hyaluronan therapy. Curr Opin Rheumatol, 12(5),
468-474.

Matzner, O., & Devor, M. (1994). Hyperexcitability at sites of nerve injury depends on
voltage-sensitive Na+ channels. J Neurophysiol, 72(1), 349-359.

McDougall, J. J., Bray, R. C., & Sharkey, K. A. (1997). Morphological and
immunohistochemical examination of nerves in normal and injured collateral
ligaments of rat, rabbit, and human knee joints. Anat Rec, 248(1), 29-39.

McDougall, J. J., Watkins, L., & Li, Z. (2006). Vasoactive intestinal peptide (VIP) is a
modulator of joint pain in a rat model of osteoarthritis. Pain, 123(1-2), 98-105.
doi: 10.1016/j.pain.2006.02.015

McDougall, J. J., Zhang, C., Cellars, L., Joubert, E., Dixon, C. M., & Vergnolle, N.
(2009). Triggering of proteinase-activated receptor 4 leads to joint pain and
inflammation in mice. Arthritis Rheum, 60(3), 728-737. doi: 10.1002/art.24300

McGivern, J. G. (2006). Targeting N-type and T-type calcium channels for the treatment
of pain. Drug Discov Today, 11(5-6), 245-253. doi: 10.1016/S1359-
6446(05)03662-7

Melzack, R., & Wall, P. D. (1965). Pain mechanisms: a new theory. Science, 150(3699),
971-979.

Neame, R., Zhang, W., & Doherty, M. (2004). A historic issue of the Annals: three
papers examine paracetamol in osteoarthritis. Ann Rheum Dis, 63(8), 897-900.
doi: 10.1136/ard.2004.020727

90



Nieto-Posadas, A., Picazo-Juarez, G., Llorente, 1., Jara-Oseguera, A., Morales-Lazaro, S.,
Escalante-Alcalde, D., Islas, L. D., & Rosenbaum, T. (2012). Lysophosphatidic
acid directly activates TRPV1 through a C-terminal binding site. Nat Chem Biol,
8(1), 78-85. doi: 10.1038/nchembio.712

Noguchi, K., Herr, D., Mutoh, T., & Chun, J. (2009). Lysophosphatidic acid (LPA) and
its receptors. Curr Opin Pharmacol, 9(1), 15-23. doi: 10.1016/j.coph.2008.11.010

Ohta, H., Sato, K., Murata, N., Damirin, A., Malchinkhuu, E., Kon, J., Kimura, T., Tobo,
M., Yamazaki, Y., Watanabe, T., Yagi, M., Sato, M., Suzuki, R., Murooka, H.,
Sakai, T., Nishitoba, T., Im, D. S., Nochi, H., Tamoto, K., Tomura, H., &
Okajima, F. (2003). Ki16425, a subtype-selective antagonist for EDG-family
lysophosphatidic acid receptors. Mol Pharmacol, 64(4), 994-1005. doi:
10.1124/mol.64.4.994

Ohtori, S., Orita, S., Yamashita, M., Ishikawa, T., Ito, T., Shigemura, T., Nishiyama, H.,
Konno, S., Ohta, H., Takaso, M., Inoue, G., Eguchi, Y., Ochiai, N., Kishida, S.,
Kuniyoshi, K., Aoki, Y., Arai, G., Miyagi, M., Kamoda, H., Suzkuki, M.,
Nakamura, J., Furuya, T., Kubota, G., Sakuma, Y., Oikawa, Y., Suzuki, M.,
Sasho, T., Nakagawa, K., Toyone, T., & Takahashi, K. (2012). Existence of a
neuropathic pain component in patients with osteoarthritis of the knee. Yonsei
Med J, 53(4), 801-805. doi: 10.3349/ymj.2012.53.4.801

Okudaira, S., Yukiura, H., & Aoki, J. (2010). Biological roles of lysophosphatidic acid
signaling through its production by autotaxin. Biochimie, 92(6), 698-706. doi:
10.1016/j.biochi.2010.04.015

Okun, A., Liu, P., Davis, P., Ren, J., Remeniuk, B., Brion, T., Ossipov, M. H., Xie, J.,
Dussor, G. O., King, T., & Porreca, F. (2012). Afferent drive elicits ongoing pain
in a model of advanced osteoarthritis. Pain, 153(4), 924-933. doi:
10.1016/j.pain.2012.01.022

Orita, S., Ishikawa, T., Miyagi, M., Ochiai, N., Inoue, G., Eguchi, Y., Kamoda, H., Arai,
G., Toyone, T., Aoki, Y., Kubo, T., Takahashi, K., & Ohtori, S. (2011). Pain-
related sensory innervation in monoiodoacetate-induced osteoarthritis in rat knees
that gradually develops neuronal injury in addition to inflammatory pain. BMC
Musculoskelet Disord, 12, 134. doi: 10.1186/1471-2474-12-134

Palmoski, M. J., & Brandt, K. D. (1982). Immobilization of the knee prevents
osteoarthritis after anterior cruciate ligament transection. Arthritis Rheum, 25(10),
1201-1208.

Plaas, A. H., Sandy, J. D., & Muir, H. (1983). Proteoglycan aggregate formation by
articular chondrocytes. Decrease in link-protein synthesis during culture. Biochem
J, 214(3), 855-864.

Pond, M. J., & Nuki, G. (1973). Experimentally-induced osteoarthritis in the dog. Ann
Rheum Dis, 32(4), 387-388.

Read, S. J., & Dray, A. (2008). Osteoarthritic pain: a review of current, theoretical and
emerging therapeutics. Expert Opin Investig Drugs, 17(5), 619-640. doi:
10.1517/13543784.17.5.619

Recommendations for the medical management of osteoarthritis of the hip and knee:
2000 update. American College of Rheumatology Subcommittee on Osteoarthritis
Guidelines. (2000). Arthritis Rheum, 43(9), 1905-1915. doi: 10.1002/1529-
0131(200009)43:9<1905::AID-ANR1>3.0.CO;2-P

91



Remadevi, R., & Szallisi, A. (2008). Adlea (ALGRX-4975), an injectable capsaicin
(TRPV1 receptor agonist) formulation for longlasting pain relief. IDrugs, 11(2),
120-132.

Riobo, N. A., & Manning, D. R. (2005). Receptors coupled to heterotrimeric G proteins
of the G12 family. Trends Pharmacol Sci, 26(3), 146-154. doi:
10.1016/j.tips.2005.01.007

Saegusa, H., Kurihara, T., Zong, S., Kazuno, A., Matsuda, Y., Nonaka, T., Han, W.,
Toriyama, H., & Tanabe, T. (2001). Suppression of inflammatory and neuropathic
pain symptoms in mice lacking the N-type Ca2+ channel. EMBO J, 20(10), 2349-
2356. doi: 10.1093/emboj/20.10.2349

Schaible, H. G., Ebersberger, A., & Von Banchet, G. S. (2002). Mechanisms of pain in
arthritis. Ann N Y Acad Sci, 966, 343-354.

Schaible, H. G., & Grubb, B. D. (1993). Afferent and spinal mechanisms of joint pain.
Pain, 55(1), 5-54.

Schaible, H. G., & Schmidt, R. F. (1985). Effects of an experimental arthritis on the
sensory properties of fine articular afferent units. J Neurophysiol, 54(5), 1109-
1122.

Schuelert, N., & McDougall, J. J. (2009). Grading of monosodium iodoacetate-induced
osteoarthritis reveals a concentration-dependent sensitization of nociceptors in the
knee joint of the rat. Neurosci Lett, 465(2), 184-188. doi:
10.1016/j.neulet.2009.08.063

Song, R. H., Tortorella, M. D., Malfait, A. M., Alston, J. T., Yang, Z., Arner, E. C., &
Griggs, D. W. (2007). Aggrecan degradation in human articular cartilage explants
is mediated by both ADAMTS-4 and ADAMTS-5. Arthritis Rheum, 56(2), 575-
585. doi: 10.1002/art.22334

Sonoda, H., Aoki, J., Hiramatsu, T., Ishida, M., Bandoh, K., Nagai, Y., Taguchi, R.,
Inoue, K., & Arai, H. (2002). A novel phosphatidic acid-selective phospholipase
Al that produces lysophosphatidic acid. J Biol Chem, 277(37), 34254-34263. doi:
10.1074/jbc.M201659200

Takasu, M. A., Dalva, M. B., Zigmond, R. E., & Greenberg, M. E. (2002). Modulation of
NMDA receptor-dependent calcium influx and gene expression through EphB
receptors. Science, 295(5554), 491-495. doi: 10.1126/science. 1065983

Thakur, M., Rahman, W., Hobbs, C., Dickenson, A. H., & Bennett, D. L. (2012).
Characterisation of a peripheral neuropathic component of the rat
monoiodoacetate model of osteoarthritis. PLoS One, 7(3), €33730. doi:
10.1371/journal.pone.0033730

Todd, A. J. (2002). Anatomy of primary afferents and projection neurones in the rat
spinal dorsal horn with particular emphasis on substance P and the neurokinin 1
receptor. Exp Physiol, 87(2), 245-249.

Towheed, T. E., Maxwell, L., Judd, M. G., Catton, M., Hochberg, M. C., & Wells, G.
(2006). Acetaminophen for osteoarthritis. Cochrane Database Syst Rev(1),
CD004257. doi: 10.1002/14651858.CD004257.pub2

Tsujino, H., Kondo, E., Fukuoka, T., Dai, Y., Tokunaga, A., Miki, K., Yonenobu, K.,
Ochi, T., & Noguchi, K. (2000). Activating transcription factor 3 (ATF3)
induction by axotomy in sensory and motoneurons: A novel neuronal marker of
nerve injury. Mol Cell Neurosci, 15(2), 170-182. doi: 10.1006/mcne.1999.0814

92



Tulleuda, A., Cokic, B., Callejo, G., Saiani, B., Serra, J., & Gasull, X. (2011). TRESK
channel contribution to nociceptive sensory neurons excitability: modulation by
nerve injury. Mol Pain, 7, 30. doi: 10.1186/1744-8069-7-30

Uchida, H., Matsumoto, M., & Ueda, H. (2009). Profiling of BoNT/C3-reversible gene
expression induced by lysophosphatidic acid: ephrinB1 gene up-regulation
underlying neuropathic hyperalgesia and allodynia. Neurochem Int, 54(3-4), 215-
221. doi: 10.1016/j.neuint.2008.11.004

Ueda, H. (2008). Peripheral mechanisms of neuropathic pain - involvement of
lysophosphatidic acid receptor-mediated demyelination. Mo/ Pain, 4, 11. doi:
10.1186/1744-8069-4-11

Ueda, H., Matsunaga, H., Olaposi, O. L., & Nagai, J. (2013). Lysophosphatidic acid:
chemical signature of neuropathic pain. Biochim Biophys Acta, 1831(1), 61-73.
doi: 10.1016/j.bbalip.2012.08.014

Walder, R. Y., Radhakrishnan, R., Loo, L., Rasmussen, L. A., Mohapatra, D. P., Wilson,
S. P., & Sluka, K. A. (2012). TRPV1 is important for mechanical and heat
sensitivity in uninjured animals and development of heat hypersensitivity after
muscle inflammation. Pain, 153(8), 1664-1672. doi: 10.1016/j.pain.2012.04.034

Wang, M., Shen, J., Jin, H., Im, H. J., Sandy, J., & Chen, D. (2011). Recent progress in
understanding molecular mechanisms of cartilage degeneration during
osteoarthritis. Ann N Y Acad Sci, 1240, 61-69. doi: 10.1111/.1749-
6632.2011.06258.x

Woolf, C. J., & Ma, Q. (2007). Nociceptors--noxious stimulus detectors. Neuron, 55(3),
353-364. doi: 10.1016/j.neuron.2007.07.016

Woolf, C. J., & Salter, M. W. (2000). Neuronal plasticity: increasing the gain in pain.
Science, 288(5472), 1765-1769.

Wu, G., Ringkamp, M., Murinson, B. B., Pogatzki, E. M., Hartke, T. V., Weerahandi, H.
M., Campbell, J. N., Griffin, J. W., & Meyer, R. A. (2002). Degeneration of
myelinated efferent fibers induces spontaneous activity in uninjured C-fiber
afferents. J Neurosci, 22(17), 7746-7753.

Wu, L. J., & Zhuo, M. (2009). Targeting the NMDA receptor subunit NR2B for the
treatment of neuropathic pain. Neurotherapeutics, 6(4), 693-702. doi:
10.1016/j.nurt.2009.07.008

Wylde, V., Hewlett, S., Learmonth, 1. D., & Dieppe, P. (2011). Persistent pain after joint
replacement: prevalence, sensory qualities, and postoperative determinants. Pain,
152(3), 566-572. doi: 10.1016/j.pain.2010.11.023

Xiang, Y., Masuko-Hongo, K., Sekine, T., Nakamura, H., Yudoh, K., Nishioka, K., &
Kato, T. (2006). Expression of proteinase-activated receptors (PAR)-2 in articular
chondrocytes is modulated by IL-1beta, TNF-alpha and TGF-beta. Osteoarthritis
Cartilage, 14(11), 1163-1173. doi: 10.1016/j.joca.2006.04.015

Yaksh, T. L., Jessell, T. M., Gamse, R., Mudge, A. W., & Leeman, S. E. (1980).
Intrathecal morphine inhibits substance P release from mammalian spinal cord in
vivo. Nature, 286(5769), 155-157.

Yin, Y., Zhang, X., Williams, R., Wu, X., Anderson, D. D., & Sonka, M. (2010).
LOGISMOS--layered optimal graph image segmentation of multiple objects and
surfaces: cartilage segmentation in the knee joint. [EEE Trans Med Imaging,
29(12),2023-2037. doi: 10.1109/TM1.2010.2058861

93



Yuan, J., Slice, L. W., Gu, J., & Rozengurt, E. (2003). Cooperation of Gq, Gi, and
G12/13 in protein kinase D activation and phosphorylation induced by
lysophosphatidic acid. J Biol Chem, 278(7), 4882-4891. doi:
10.1074/jbc.M211175200

Zhang, Q., Peyruchaud, O., French, K. J., Magnusson, M. K., & Mosher, D. F. (1999).
Sphingosine 1-phosphate stimulates fibronectin matrix assembly through a Rho-
dependent signal pathway. Blood, 93(9), 2984-2990.

Zhang, X., Bao, L., Shi, T. J., Ju, G., Elde, R., & Hokfelt, T. (1998). Down-regulation of
mu-opioid receptors in rat and monkey dorsal root ganglion neurons and spinal
cord after peripheral axotomy. Neuroscience, 82(1), 223-240.

Zhang, Y. (2010). Epidemiology of osteoarthritis. Clin Geriatr Med, 26(3), 355-369. doi:
10.1016/j.cger.2010.03.001

Zhu, J., Zou, L. P., Bakhiet, M., & Mix, E. (1998). Resistance and susceptibility to
experimental autoimmune neuritis in Sprague-Dawley and Lewis rats correlate
with different levels of autoreactive T and B cell responses to myelin antigens. J
Neurosci Res, 54(3), 373-381.

94



